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(57) ABSTRACT 

Data bits to be encoded are split into a plurality of sub 
groups. Each Subgroup is encoded separately to generate a 
corresponding codeword. Selected Subsets are removed 
from the corresponding codewords, leaving behind short 
ened codewords, and are many-to-one transformed to con 
densed bits. The final codeword is a combination of the 
shortened codewords and the condensed bits. A representa 
tion of the final codeword is decoded by being partitioned to 
a selected Subset and a plurality of remaining Subsets. Each 
remaining Subset is decoded separately. If one of the decod 
ings fails, the remaining Subset whose decoding failed is 
decoded at least in part according to the selected Subset. If 
the encoding and decoding are systematic then the selected 
subsets are of parity bits. 
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METHOD AND DEVICE FOR MULTIPHASE 
ERROR-CORRECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This patent application claims the benefit of U.S. 
Provisional Patent Application No. 60/736,458, filed Nov. 
15, 2005. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to an 
encoding and decoding scheme. More particularly, the 
present invention relates to a method and device providing 
error-correction of a code by encoding and decoding a 
shorter sub-code. 

BACKGROUND OF THE INVENTION 

0003. In the modern information age binary values, e.g. 
ones and Zeros, are used to represent and communicate 
various types of information, e.g. memory, video, audio, 
statistical information, etc. Unfortunately, during storage, 
transmission, and/or processing of binary data, errors may 
be unintentionally introduced (e.g. a '1' bit may be changed 
to a 0 bit or vice versa). 
0004 Several techniques known in the art for overcom 
ing the existence of Such errors employ an error correction 
coding scheme to ensure the reliability of the stored infor 
mation. The physics of storage methods exhibit a fixed 
capacity that can be expressed in terms of information bits 
per storage cell nucleus. This fixed capacity is a direct 
outcome of the Signal to Noise Ratio (SNR) in each storage 
nucleus cell, thus defining a theoretical upper limit (known 
as the “Shannon limit”). 
0005. In many cases, such error correction coding 
scheme require the use of a very long code in order to 
approach the theoretical correction capability for a given 
code rate. 

0006. However, increasing the code length leads to a 
complexity and area increase of the encoder and decoder 
circuitry. The result is that at Some point it is no longer 
practical or efficient to implement an integrated circuit 
comprising Such error correction coding scheme. Alterna 
tively, there exists insufficient silicon density to Support 
standard decoding techniques. 
0007. The term "error correction” (i.e. the detection and 
correction of errors) is applied herein to data storage. 
Encoding and decoding, according to forward error-correct 
ing codes, are carried out either in Software or with hard 
Wae. 

0008. Once the Shannon limit 1 was discovered, there 
was a need to provide codes that come close to the perfor 
mance limits of Shannon's information theorem. It is well 
known 2-5 that in order to approach these limits one must 
increase the code length. In 1993, Berron 6 was the first to 
present near capacity approaching techniques using iterative 
decoding. However, only long codes were considered. Later 
on 7-11 with the introduction of Low Density Parity 
Check (LDPC) codes, new structures that came even closer 
to these capacity limits were successfully presented, again 
only for long codes, typically about 10 bits long. 
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0009 Specific schemes based on LDPC iterative decod 
ers are depicted in 12-14), where a high emphasis is made 
to reduce the implementation complexity of the computation 
units, the number of iterations, the required memory size, 
etc. 

0010. In order to implement these long codes in a com 
plexity restricted environment and benefit from their per 
formance, there is thus a need for providing a method to 
reduce the circuitry complexity of the encoder and decoder 
of long codes such that practical shorter Schemes could be 
employed. 
0011 A prior art technique disclosing a puncturing 
method for reducing the circuitry complexity of the encoder 
and decoder by reducing the parity overhead is taught by 
U.S. Patent Application No. 20050160350 to Dror et al. 
0012. The Dror patent discloses a high-speed data 
encoder/decoder providing a single-bit forward error-cor 
rection. The data is arranged to be protected within a 
rectangular array, such that the location of a single bit error 
is determined according to row and column positions. As a 
result, the size of lookup tables provided for converting error 
syndromes to error locations is reduced. 
0013 However, each of the two computation phases 
disclosed in the Dror patent is not by itself an error correc 
tion scheme as it does not provide enough information for 
correcting a single error in the first phase. Therefore, the first 
phase cannot correct even a single error in each sub-code 
without depending on computations obtained at the second 
phase. 

SUMMARY OF THE INVENTION 

0014. According to the present invention there is pro 
vided a method of decoding a representation of a code word, 
the method including the steps of: (a) generating a plurality 
of sub-words from the representation of the code word, such 
that bits of each sub-word are a proper subset of bits of the 
representation of the code word; (b) decoding each sub-word 
solely according to its own bits to generate a corresponding 
decoded sub-word; and (c) if the decoding of one of the 
sub-words fails: modifying the decoded sub-word that cor 
responds to the one Sub-word whose decoding failed, 
thereby producing a modified decoded sub-word, the modi 
fying being at least in part according to the corresponding 
decoded sub-word of at least one successfully-decoded 
sub-word. 

00.15 According to the present invention there is pro 
vided an apparatus for decoding a word of Mbits, including: 
(a) a decoder for decoding a word of NCM bits; and (b) a 
mechanism for applying the decoder separately to each of a 
different subset of N bits selected from the word of M bits, 
each application of the decoder depending solely on the N 
bits to which each application is applied, each application 
generating corresponding decoded data, Such that final 
decoded data of the word of Mbits are generated at least in 
part according to the corresponding decoded data of the 
applications, wherein: if one of the applications fails, then 
the mechanism effects a modification of the corresponding 
decoded data of the failed application, at least in part, 
according to the corresponding decoded data of at least one 
Successful application. 
0016. According to the present invention there is pro 
vided an apparatus for decoding a word of Mbits, including: 
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(a) a plurality of decoders each decoding a word of NCM 
bits; and (b) a mechanism for applying each of the plurality 
of decoders separately to each of a different subset of N bits 
selected from the word of M bits, each application of each 
of the plurality of decoders depending solely on the N bits 
to which each application is applied, each application gen 
erating corresponding decoded data, such that final decoded 
data of the word of M bits are generated at least in part 
according to the corresponding decoded data of the appli 
cations, wherein: if one of the decoders fails, then the 
mechanism effects a modification of the corresponding 
decoded data of the decoder that failed, at least in part, 
according to the corresponding decoded data of at least one 
decoder that Succeeded. 

0017 According to the present invention there is pro 
vided a method of providing a scheme for error correction of 
data bits, the method including the steps of: (a) encoding the 
data bits according to a first encoding scheme to generate a 
first group of parity bits; (b) encoding the data bits according 
to a second encoding scheme to generate a second group of 
parity bits; (c) transforming the second group of parity bits 
into a condensed group of parity bits, wherein the trans 
forming is many-to-one; and (d) generating a final group of 
parity bits for the data bits by combining the first group of 
parity bits with the condensed group of parity bits. 

0018. According to the present invention there is pro 
vided a method of providing a scheme for error correction of 
data bits, the method including the steps of: (a) creating a 
plurality of sub-groups of bits from the data bits, such that 
each data bit appears at least once in the plurality of 
Sub-groups; (b) encoding each Sub-group of the plurality of 
Sub-groups according to a corresponding first encoding 
scheme to generate, for each Subgroup, a corresponding at 
least one first parity bit; (c) encoding each Sub-group accord 
ing to a corresponding second encoding scheme to generate, 
for each sub-group, a corresponding at least one second 
parity bit; (d) transforming all of the at least one second 
parity bit of all of the plurality of sub-groups into joint 
condensed parity bits, wherein the transforming is many-to 
one; and (e) generating a final group of parity bits for the 
data bits by combining all of the at least one first parity bit 
of all of the plurality of sub-groups with the joint condensed 
parity bits. 

0.019 According to the present invention there is pro 
vided a method of providing a scheme for error correction of 
data bits, the method including the steps of: (a) creating a 
plurality of sub-groups of bits from the data bits, such that 
each data bit appears at least once in the plurality of 
Sub-groups; (b) encoding each Sub-group of the plurality of 
Sub-groups using a corresponding encoding scheme to gen 
erate, for each Sub-group, a corresponding at least one parity 
bit; (c) for each Sub-group, selecting a corresponding 
selected Subset from among the bits of the each Sub-group 
and the corresponding at least one parity bit of each Sub 
group; (d) transforming the selected Subsets of all of the 
plurality of Sub-groups into joint condensed selected bits, 
wherein the transforming is many-to-one; (e) generating a 
corresponding shortened code word for each Sub-group by 
combining the bits of each Sub-group with the corresponding 
at least one parity bit of each Sub-group, and then removing 
bits of the corresponding selected Subset of each Sub-group; 
and (f) generating a code word for the data bits by combin 
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ing the corresponding shortened code word of all of the 
plurality of Sub-groups with the joint condensed selected 
bits. 

0020. According to the present invention there is pro 
vided a method of providing a scheme for error correction of 
data bits, the method including the steps of: (a) creating a 
plurality of sub-groups of bits from the data bits, such that 
each data bit appears at least once in the Sub-groups; (b) 
encoding each of the plurality of Sub-groups using a corre 
sponding encoding scheme to generate, for each Sub-group, 
a corresponding code word; (c) for each Sub-group, selecting 
a corresponding selected Subset from bits of the correspond 
ing code word; (d) transforming the corresponding selected 
Subsets of all of the corresponding code words into joint 
condensed selected bits, wherein the transforming is many 
to-one; (e) generating a corresponding shortened code word 
for each of the corresponding code words by removing bits 
of the selected Subset corresponding to each corresponding 
code word; and (f) generating a code word for the data bits 
by combining the corresponding shortened code word of all 
of the plurality of sub-groups with the joint condensed 
selected bits. 

0021 According to the present invention there is pro 
vided a method of decoding a representation of a code word, 
the representation containing M data bits and P parity bits, 
the method including the steps of: a) partitioning the P parity 
bits into a first group of parity bits and a second group of 
parity bits; b) decoding the M data bits using only the first 
group of parity bits to provide corrected data bits; and c) if 
the decoding using only the first group of parity bits fails, 
then decoding the M data bits using the first group of parity 
bits and the second group of parity bits to provide the 
corrected data bits. 

0022. According to the present invention there is pro 
vided a method of decoding a representation of a code word 
containing M data bits and P parity bits, the method includ 
ing the steps of: a) partitioning the M data bits into Kd 1 
subsets, wherein each of the M data bits appears at least once 
in the K subsets; b) partitioning the P parity bits into a first 
group of parity bits and a second group of parity bits; c) 
partitioning the first group of parity bits into K Subsets each 
Subset of the first group of parity bits corresponding to a 
respective subset of the M data bits; d) decoding each subset 
of the M data bits according to the corresponding subset of 
the first group of parity bits to generate decoded data of the 
each subset of the M data bits; e) if the decoding of one of 
the K subsets of the M data bits fails: decoding the one 
Subset according to, at least in part, the second group of 
parity bits to generate the decoded data of the one subset; 
and f) combining the decoded data of all of the K subsets of 
the M data bits to generate total decoded data for the M data 
bits. 

0023. According to the present invention there is pro 
vided a method of decoding M data bits out of a represen 
tation of a code word, that has N>M bits, the method 
including the steps of: a) removing a selected Subset of at 
most N-Mbits from the N bits, thereby producing a set of 
remaining bits; b) partitioning the remaining bits into K>1 
Subsets of the remaining bits, wherein each of the remaining 
bits is a member of at least one of the K subsets; c) decoding 
each of the K subsets according only to bits of the each 
subset to generate decoded data of the each subset; d) if the 
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decoding of one of the K Subsets fails: decoding the one 
Subset, at least in part, according to the removed selected 
Subset to generate the decoded data of the one Subset; and e) 
combining the decoded data of all of the K subsets to 
generate total decoded data for the M data bits. 
0024. A first aspect of the present invention is a method 
of decoding a representation of a code word. In this aspect 
of the present invention and in other, similar aspects of the 
present invention, it is a representation of a code word that 
is decoded, not a code word as written to storage, because 
writing and then reading the code word may introduce errors 
to the code word. A plurality of sub-words are generated 
from the representation of the code word, such that bits of 
each sub-word are a proper subset of bits of the represen 
tation of the code word. Each sub-word is decoded solely 
according to its own bits to generate a corresponding 
decoded sub-word. If the decoding of one of the sub-words 
fails, then the decoded sub-word, that corresponds to the 
sub-word whose decoding has failed, is modified, thereby 
producing a modified decoded Sub-word. The modifying is 
at least in part according to the decoded Sub-word(s) that 
correspond to one or more of the Successfully-decoded 
sub-word. 

0025. As noted below, the scope of the term “decoded 
sub-word” includes both a numerical value obtained by 
Successfully decoding a Sub-word and a logical indication 
that the attempt to decode the sub-word failed. Note that the 
numerical value obtained by Successfully decoding a Sub 
word is a portion of the original codeword itself, and not just 
a representation thereof. In other words, a “successfully 
decoded sub-word is a sub-code-word. “Modifying a 
decoded sub-word means changing a decoded Sub-word 
from one numerical value to another or from a logical 
indication of decoding failure to a numerical value or from 
a numerical value to a logical indication of failure. 
0026. For example, in example case 1 below, the two 
sub-words C," and C." are generated from the repre 
sentation of the code word. Each sub-word is decoded 
separately using an 11.7.3 decoder. If the decoding of 
C" fails but the decoding of C" succeeds, then the 
logical indication that the attempt to decode C," failed is 
modified by replacing that logical indication with C as 
decoded from C. That modifying is according to the Sub 
code-word C.," that corresponds to the successfully-de 
coded C": C," is encoded using a 15.7.5 encoder to 
regenerate P, P, is XORed with P to make P, C," and 
P, are concatenated to make C. 
0027 Preferably, if the decoding of one of the sub-words 

fails, then data from the modified decoded sub-word are 
combined with data from all the decoded sub-words that 
correspond to the successfully-decoded sub-words. For 
example, in example case 1 below, if the decoding of C," 
fails but the decoding of C," succeeds, then the first seven 
bits of C as decoded from C are concatenated with the first 
seven bits of C," to recover the header. 
0028 Most preferably, the combining of the data from the 
modified decoded sub-word with the data from all the 
decoded sub-words that correspond to the successfully 
decoded sub-words is affected by steps including assembling 
the data from the modified decoded sub-word with the data 
from all the decoded sub-words that correspond to the 
successfully-decoded sub-words. “Assembling data from 
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two or more different Sources is defined herein as bringing 
together, into a register or a storage location, bits from all the 
sources, possibly with the order of the bits being permuted, 
and possibly with one or more of the bits being repeated at 
least once. Typically, however, as in example case 1 below, 
the data are “assembled by just concatenating bits from the 
various sources of the data, without permuting the order of 
the bits and without repeating bits. 
0029) Preferably, the sub-words are disjoint. For 
example, in example case 1 below, C," and C." are 
disjoint. 

0030 Preferably, the sub-words all contain identical 
numbers of bits. For example, in example case 1 below, 
Ch" and C," both contain 11 bits. 
0031. A second aspect of the present invention is an 
apparatus for decoding a word of M bits. The apparatus 
includes a decoder for decoding a word of NZM bits and a 
mechanism for applying the decoder separately to each of a 
different Subset of N bits selected from the word of Mbits. 
Each application of the decoder depends solely on the N bits 
to which that application is applied. Each application of the 
decoder generates corresponding decoded data, such that the 
final decoded data are generated at least in part according to 
the decoded data produced by the applications of the 
decoder. If one of the applications of the decoder fails, then 
the decoded data of that application are modified at least in 
part according to the decoded data produced by the other 
applications of the decoder. 
0032 For example, in example case 1 below, M=26, 
N=11 and the decoder is the 11.7.3) decoder. The 11-bit 
subsets are C," and C". The 11.7.3) decoder is 
applied separately to these two subsets. The final decoded 
data are the decoded 14-bit header. If the decoding of C," 
fails but the decoding of C." succeeds, then the logical 
indication that the attempt to decode C," failed is modi 
fied by replacing that logical indicator with C as decoded 
from C. That modifying is according to the decoded Sub 
word C," that corresponds to the successfully-decoded 
C.'": C," is encoded using a 15.7.5) encoder to regen 
erate P, P is XORed with P to make P, C," and P are 
concatenated to make C. 
0033) Preferably, the subsets are disjoint. For example, in 
example case 1 below, C," and C." are disjoint. 
0034. A third aspect of the present invention is an appa 
ratus for decoding a word of Mbits. The apparatus includes 
a plurality of decoders, each one of which decodes a word 
of N-M bits. The apparatus also includes a mechanism for 
applying each decoder separately to a different subset of N 
bits selected from the word of Mbits. Each application of a 
decoder depends solely on the N bits to which the decoder 
is being applied. Each application of a decoder generates 
corresponding decoded data, Such that the final decoded data 
of the word of Mbits are generated at least in part according 
to the decoded data produced by applying the decoders. If 
one of the decoders fails, then the corresponding decoded 
data are modified at least in part according to the decoded 
data produced by the other decoders. 
0035. For example, in example case 1 below, M=26, 
N=11 and the decoders are 11.7.3 decoders. The 11-bit 
subsets are C," and Ch". Each 11.7.3) decoder is 
applied to one of the two subsets. The final decoded data are 



US 2007/01 24652 A1 

the decoded 14-bit header. If the decoding of C," fails but 
the decoding of C." succeeds, then the logical indication 
that the attempt to decode C," failed is modified by 
replacing that logical indication with C, as decoded from C. 
That modifying is according to the decoded sub-word C." 
that corresponds to the successfully-decoded C": Ch" 
is encoded using a 15.7.5 encoder to regenerate P, P is 
XORed with P to make P, C," and P are concatenated 
to make C. 
0.036 Preferably, the subsets are disjoint. For example, in 
example case 1 below, C," and C." are disjoint. 
0037. A fourth aspect of the present invention is a method 
of providing a scheme for error correction of data bits. The 
data bits are encoded according to a first encoding scheme 
to generate a first group of parity bits. The data bits also are 
encoded according to a second encoding scheme to generate 
a second group of parity bits. The second group of parity bits 
is transformed into a condensed group of parity bits by a 
many-to-one transformation. A final group of parity bits is 
generated by combining the first and second groups of parity 
bits. 

0038 For example, in example case 1 below, the data bits 
are the 14 bits of the header. The first encoding scheme is an 
11.7.3) scheme that produces C," and Ch". The first 
group of parity bits is the last four bits of each of C," and 
C“". The second encoding scheme is a 15.7.5 scheme 
that generates the second group of parity bits, P and P. The 
second group of parity bits is transformed to the condensed 
group Pby the many-to-one transformation “XOR (8 bits 
in, 4 bits out). The final group of parity bits is generated by 
combining the last four bits of C," and the last four bits 
of C," with P to provide the parity bits of the codeword 
indicated in FIG. 8 by reference numerals 246 and 254. 
0.039 Preferably, the first group of parity bits is combined 
with the condensed group of parity bits by assembling at 
least a portion of the first group of parity bits with the 
condensed group of parity bits. For example, in example 
case 1 below, C, "", C," and Pare written together to a 
common location in the FLASH device, so that the last four 
bits of C, "", the last four bits of Ch" and P are stored 
together in the common location. 
0040 Preferably, the transforming step includes XORing 
a plurality of Sub-groups of the second group of parity bits. 
For example, in example case 1 below, P and P are 
XORed. 

0041. A fifth aspect of the present invention is a method 
of providing a scheme for error correction of data bits. A 
plurality of sub-groups of bits are created from the data bits, 
Such that each data bit appears at least once in the Sub 
groups. Each Sub-group is encoded according to a corre 
sponding first encoding scheme to generate one or more 
corresponding first parity bits. Each Sub-group is encoded 
according to a corresponding second encoding scheme to 
generate one or more corresponding second parity bits. All 
the second parity bits are transformed into joint condensed 
parity bits by a many-to-one operation. A final group of 
parity bits is generated by combining all the first parity bits 
with the joint condensed parity bits. 
0.042 For example, in example case 1 below, the data bits 
are the 14 bits of the header. The two sub-groups are the first 
7 bits of the header and the last 7 bits of the header. Each 
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data bit appears exactly once in one of the Sub-groups and 
not at all in the other sub-group. The first encoding schemes 
all are 11.7.3) schemes that produce C," and C.", 
thereby generating four parity bits (the last four bits of 
Cl") for the first sub-group and four parity bits (the last 
four bits of C“") for the second sub-group. The second 
encoding schemes all are 15.7.5 schemes that generate four 
parity bits P for the first sub-group and four parity bits P. 
for the second sub-group. P and P. are transformed to the 
condensed group Pby the many-to-one "XOR operation (8 
bits in, 4 bits out). The final group of parity bits is generated 
by combining the last four bits of C," and the last four bits 
of Ch" with P by writing Ch", Ch" and P to the 
FLASH device. 

0.043 Preferably, the first parity bits are combined with 
the condensed group of parity bits by assembling all the first 
parity bits with the condensed group of parity bits. For 
example, in example case 1 below, C, "", C," and Pare 
written together to the FLASH device, so that the last four 
bits of Ch", the last four bits of C," and P are stored 
together in the common location. 
0044 Preferably, each data bit appears only once in the 
plurality of Sub-groups. For example, in example case 1 
below, each of the first 7 bits of the header appears once in 
the first Sub-group and not at all in the second Sub-group, and 
each of the last 7 bits of the header appears once in the 
second Sub-group and not at all in the first Sub-group. 
Alternatively, at least one data bit appears at least twice in 
the plurality of Sub-groups. For example, in example case 2 
below, there are 586x7=4102 data bits in the 586 code 
words, for encoding 4096 information bits, so that e.g. one 
of the information bits can be duplicated six times. 
0045 Preferably, all the sub-groups are of equal size. For 
example, in example case 1 below, both Sub-groups have 7 
bits each. 

0046 Preferably, for at least one of the sub-groups, the 
corresponding first and second encoding schemes are 
obtained using a common encoding method. Such that the 
first encoding scheme(s) encode(s) bits of the Sub-group(s) 
according to a first order and the second encoding scheme(s) 
encode(s) bits of the Sub-group(s) according to a second 
order. For example, as an alternative to example case 1 
below, 11.7.3) encoding can be applied separately, as a first 
encoding scheme, to the first and last 7 bits of the header; 
then the order of the first 7 bits of header can be permuted 
and the order of the last 7 bits of the header can be permuted; 
and then 11.7.3) encoding can be applied separately, as a 
second encoding scheme, to the permuted first and last 7 bits 
of the header. The condensed parity bits would be produced 
by XORing the last four bits of the codeword produced by 
encoding the permuted first 7 header bits with the last four 
bits of the codeword produced by encoding the permuted 
last 7 header bits. As in example case 1 below, 14 data bits 
and 12 parity bits would be stored. 
0047 Preferably, all the sub-groups are encoded accord 
ing to a common first encoding scheme. For example, in 
example case 1 below, the common first encoding scheme is 
an 11.7.3) encoding scheme. 
0048 Preferably, all the sub-groups are encoded accord 
ing to a common second encoding scheme. For example, in 
example case 1 below, the common second encoding scheme 
is a 15.7.5 encoding scheme. 
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0049 Preferably, the transforming of the second parity 
bits to joint condensed parity bits includes XORing at least 
one second parity bit that corresponds to one of the Sub 
groups with at least one second parity bit that corresponds to 
another of the Sub-groups. For example, in example case 1 
below, the two groups of “second parity bits” are P and P. 
while P is XORed with P. 
0050 A sixth aspect of the present invention is a method 
of providing a scheme for error correction for data bits. A 
plurality of sub-groups of bits are created from the data bits, 
Such that each data bit appears at least once in the Sub 
groups. Each Sub-group is encoded according to a corre 
sponding encoding scheme to generate one or more corre 
sponding first parity bits. For each Sub-group, a 
corresponding selected Subset is selected from among the 
bits of the Sub-group and the corresponding parity bit(s). All 
the selected Subsets are transformed into joint condensed 
selected bits by a many-to-one operation. For each Sub 
group, a corresponding shortened codeword is generated by 
combining the bits of each Sub-group with the corresponding 
parity bit(s) and then removing bits of the corresponding 
selected subset. Finally, a codeword for the data bits is 
generated by combining all the shortened codewords with 
the joint condensed selected bits. 
0051. For example, in example case 1 below, the data bits 
are the 14 bits of the header. The two sub-groups are the first 
7 bits of the header and the last 7 bits of the header. Each 
data bit appears exactly once in one of the Sub-groups and 
not at all in the other sub-group. Each Sub-group is encoded 
using a 15.7.5 encoder to generate the codewords C and 
C, each of which includes 8 parity bits. From the bits of C 
and C, the “selected subsets P and P are transformed to 
the joint condensed selected bits of P by the many-to-one 
operation “XOR (8 bits in, 4 bits out). The shortened 
codewords C," and C." are generated by combining 
the bits of the sub-groups with the parity bits that were 
produced by the 15.7.5 encoder to produce the full code 
words C and C and then removing the selected Subset P. 
from C and removing the selected subset P from C. The 
final codeword is generated by combining C," and C." 
with Pby writing Ch", Ch" and P to the FLASH device. 
0.052 Preferably, the bits of each subgroup are combined 
with the corresponding parity bit(s) by assembling the bits of 
the Sub-group with the corresponding parity bit(s). For 
example, in example case 1 below, the codeword C is 
produced by concatenating the first Sub-group with the 
parity bits produced by encoding the first Sub-group and the 
codeword C is produced by concatenating the second Sub 
group with the parity bits produced by encoding the second 
Sub-group. 

0053 Preferably, the shortened codewords are combined 
with the joint selected condensed bits by assembling all the 
shortened codewords with the joint selected condensed bits. 
For example, in example case 1 below, C, "", C," and P 
are stored together in a common location in the FLASH 
device. 

0054 Preferably, each data bit appears only once in the 
plurality of Sub-groups. For example, in example case 1 
below, each of the first 7 bits of the header appears once in 
the first Sub-group and not at all in the second Sub-group, and 
each of the last 7 bits of the header appears once in the 
second Sub-group and not at all in the first Sub-group. 
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Alternatively, at least one data bit appears at least twice in 
the plurality of Sub-groups. For example, in example case 2 
below, there are 586x7=4102 data bits in the 586 code 
words, for encoding 4096 information bits, so that e.g. one 
of the information bits can be duplicated six times. 
0055 Preferably, all the sub-groups are of equal size. For 
example, in example case 1 below, both Sub-groups have 7 
bits each. 

0056 Preferably, all the sub-groups are encoded accord 
ing to a common encoding scheme. For example, in example 
case 1 below, the common encoding scheme is a 15.7.5 
encoding scheme. 
0057 Preferably, the transforming of the selected subsets 
into joint condensed selected bits includes XORing the bits 
of one selected subset with the bits of another selected 
subset. For example, in example case 1 below, P and P are 
XORed. 

0058. A seventh aspect of the present invention is a 
method of providing error correction of data bits. A plurality 
of sub-groups of bits are created from the data bits, such that 
each data bit appears at least once in the Sub-groups. Each 
Sub-group is encoded, using a corresponding encoding 
scheme, to generate a corresponding codeword. From each 
codeword, a corresponding “selected subset of bits is 
selected. All the selected subsets are transformed into joint 
condensed selected bits by a many-to-one transformation. A 
corresponding shortened codeword is generated for each 
codeword by removing bits of the corresponding selected 
subset from the codeword. A code word for the data bits as 
a whole is generated by combining all the shortened code 
words with the joint condensed selected bits. Note that 
because the seventh aspect of the present invention does not 
need to use parity bits that are separate and distinguishable 
from the data bits, this aspect of the present invention is 
applicable to both systematic encoding and nonsystematic 
encoding. 
0059 For example, in example case 1 below, the data bits 
are the 14 bits of the header. The two sub-groups are the first 
7 bits of the header and the last 7 bits of the header. Each 
data bit appears exactly once in one of the Sub-groups and 
not at all in the other Sub-group. The Sub-groups are encoded 
using corresponding 15.7.5 encoding schemes to generate 
corresponding codewords C and C. The selected Subset P. 
is selected from the bits of C and the selected subset P is 
selected from the bits of C. P. and P are transformed to P 
by a many-to-one "XOR operation (8 bits in, 4 bits out). 
The shortened codewords C," and C." are generated 
by removing P from C and P. from C. The code word for 
the data bits as a whole is generated by combining C," 
and C." with P by writing C, "", C," and P to the 
FLASH device. 

0060 Preferably, the shortened codewords are combined 
with the joint selected condensed bits by assembling all the 
shortened codewords with the joint selected condensed bits. 
For example, in example case 1 below, C, "", C," and P 
are stored together in a common location in the FLASH 
device. 

0061 Preferably, each data bit appears only once in the 
plurality of Sub-groups. For example, in example case 1 
below, each of the first 7 bits of the header appears once in 
the first Sub-group and not at all in the second Sub-group, and 
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each of the last 7 bits of the header appears once in the 
second Sub-group and not at all in the first Sub-group. 
Alternatively, at least one data bit appears at least twice in 
the plurality of Sub-groups. 
0062 Preferably, all the sub-groups are of equal size. For 
example, in example case 1 below, both Sub-groups have 7 
bits each. 

0063 Preferably, all the sub-groups are encoded accord 
ing to a common encoding scheme. For example, in example 
case 1 below, the common encoding scheme is the 15.7.5 
encoding scheme. 
0064 Preferably, the transforming of the selected subsets 
into joint condensed selected bits includes XORing the bits 
of one selected subset with the bits of another selected 
subset. For example, in example case 1 below, P and P are 
XORed. 

0065. An eighth aspect of the present invention is a 
method of decoding a representation, of a code word, that 
contains M data bits and P parity bits. The P parity bits are 
partitioned into a first group of parity bits and a second 
group of parity bits. The M data bits are decoded using only 
the first group of parity bits to provide corrected data bits. If 
decoding using only the first group of parity bits fails, then 
the M data bits are decoded using both groups of parity bits 
to provide the corrected data bits. 
0.066 For example, in example case 1 below, M=14 and 
P=12. The 14 data bits are the first 7 bits of C," and the 
first 7 bits of C". The 12 parity bits are the last 4 bits of 
C, "", the last 4 bits of C.", and P. The first group of 
parity bits is the last 4 bits of C," and the last 4 bits of 
C.". The second group of parity bits is P. The data bits are 
decoded using an 11.7.3 decoder with only the first group 
of parity bits to provide decoded representations of the first 
7 bits of C," and the first 7 bits of C". If the decoding 
of C," fails but the decoding of C" succeeds, then the 
decoded C." is encoded using a 15.75) encoder to 
regenerate P, P, is XORed with P to make P, C," and 
P, are concatenated to make C, and C is decoded using a 
15.7.5 decoder. 
0067. A ninth aspect of the present invention is a method 
of decoding a representation, of a code word, that contains 
M data bits and P parity bits. The M data bits are partitioned 
into two or more Subsets, such that each data bit appears at 
least once in the subsets. The Pparity bits are partitioned into 
a first group of parity bits and a second group of parity bits. 
The first group of parity bits is further partitioned into the 
same number of subsets as the data bits were partitioned 
into, with a 1:1 correspondence between data bit subsets and 
first group parity bit subsets. Each data bit subset is decoded 
according to its corresponding first parity bit Subset to 
generate corresponding decoded data. If one of these decod 
ings fails, then the data bit Subset whose decoding failed is 
decoded again at least in part according to the second group 
of parity bits to generate the corresponding decoded data. 
Finally, the decoded data of all the data bit subsets are 
combined to generate total decoded data for the M data bits. 
0068 For example, in example case 1 below, M=14 and 
P=12. The 14 data bits are partitioned into two subsets: the 
first 7 bits of C," and the first 7 bits of C". The first 
group of parity bits is the last 4 bits of C," and the last 4 
bits of C". The second group of parity bits is P. The 
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subset of the first parity bits that corresponds to the first 7 
bits of C" is the last 4 bits of C". The subset of the 
first parity bits that corresponds to the first 7 bits of C." 
is the last 4 bits of Ch". The first 7 bits of Ch" are 
decoded by an 117.3 decoder using only the last 4 bits of 
Ch". The first 7 bits of Ch" are decoded by an 11.7.3) 
decoder using only the last 4 bits of C". If the decoding 
of C," fails but the decoding of C" succeeds, then the 
decoded C." is encoded using a 15.7.5) encoder to 
regenerate P, P, is XORed with P to make P, C," and 
P, are concatenated to make C, and C is decoded using a 
15.7.5 decoder, thereby recreating the code word C. The 

first 7 bits of the recreated C and the first 7 bits of the 
decoded C." are concatenated to generate the decoded 
14-bit header. 

0069 Preferably, the decoded data of the data bit subsets 
are combined by assembling the decoded data of the data bit 
subsets. For example, in example case 1 below, the first 7 
bits of the decoded C," and the first 7 bits of the decoded 
C." are concatenated to generate the decoded 14-bit 
header. 

(0070 Preferably, the data bit subsets are disjoint. For 
example, in example case 1 below, the first 7 bits of C," 
and the first 7 bits of C," are two disjoint subsets. 
0071 Preferably, all the data bit subsets are of equal size. 
For example, in example case 1 below, all the data bit 
subsets include 7 bits. 

0072 Preferably, each data bit subset is decoded accord 
ing to the corresponding first parity bit Subset using a 
corresponding first decoding scheme; and the decoding, 
according to the second group of parity bits, of the data bit 
Subset whose decoding by the first decoding scheme failed, 
includes using a corresponding second decoding scheme. 
For example, in example case 1 below, the first decoding 
schemes are 11.7.3) schemes and the second decoding 
scheme is the 15.7.5 scheme. 
0.073 Preferably, for at least one of the data bit subsets, 
the corresponding first and second decoding schemes apply 
a common decoding method. For example, continuing the 
alternative to example case 1 of the fifth aspect of the present 
invention, both the first decoding scheme and the second 
decoding scheme are 11.7.3) schemes. The first decoding 
schemes use the stored parity bits that were generated by the 
encoding of the unpermuted header bits. If the decoding of 
the first 7 stored data bits fails but the decoding of the last 
7 stored data bits succeeds, then the successfully decoded 
data bits are permuted and encoded to regenerate the cor 
responding parity bits. These regenerated parity bits are 
XORed with the last 4 stored parity bits to regenerate the 
parity bits of the first 7 permuted header bits, which are used 
in a second attempt to decode the first 7 stored data bits by 
performing a 11.7.3) decoding of permuted first 7 stored 
data bits. 

0074 Preferably, all the first decoding schemes are iden 
tical. For example, in example case 1 below, all the first 
decoding schemes are the same 11.7.3) scheme. 
0075 Preferably, all the second decoding schemes are 
identical. For example, in example case 1 below, all the 
second decoding schemes are the same 15.7.5 scheme. 
0076 A tenth aspect of the present invention is a method 
of decoding M data bits out of a representation, of a code 
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word, that has N>Mbits. A selected subset of at most N-M 
bits is removed from the N bits, thereby producing a set of 
remaining bits. The remaining bits are partitioned into two 
or more Subsets, such that each remaining bit is a member 
of at least one of the subsets. Each remaining bit subset is 
decoded according only to its own bits to generate corre 
sponding decoded data. If the decoding of one of the 
remaining bit Subsets fails, that remaining bit Subset is 
decoded at least in part according to the removed selected 
Subset to generate that remaining bit Subsets corresponding 
decoded data. Finally, all the decoded data are combined to 
generate total decoded data for the M data bits. Note that 
because the tenth aspect of the present invention does not 
need to use parity bits that are separate and distinguishable 
from the data bits, this aspect of the present invention is 
applicable to both systematic encoding and nonsystematic 
encoding. 

0.077 For example, in example case 1 below, M=14 and 
N=26. The removed selected subset is P. The remaining bits 
are partitioned into two subsets, C," and C". C" is 
decoded only according to its own 11 bits, and no other 
information, and the first 7 bits of the resulting decoded 
word are the decoded data corresponding to C". C." 
is decoded only according to its own 11 bits, and no other 
information, and the first 7 bits of the resulting decoded 
word are the decoded data corresponding to C". If the 
decoding of C" fails but the decoding of C" succeeds, 
then the decoded C." is encoded using a 15.7.5) encoder 
to regenerate P, P, is XORed with P to make P, C," and 
P, are concatenated to make C, and C is decoded using a 
15.7.5 decoder. The first 7 bits of the decoded C," and 
the first 7 bits of the decoded C." are concatenated to 
generate the decoded 14-bit header. 
0078 Preferably, the decoded data of the remaining bit 
subsets are combined by assembling the decoded data of the 
remaining bit Subsets. For example, in example case 1 
below, the first 7 bits of the decoded C," and the first 7 
bits of the decoded C." are concatenated to generate the 
decoded 14-bit header. 

0079 Preferably, the remaining bit subsets are disjoint. 
For example, in example case 1 below, the first 7 bits of 
CI" and the first 7 bits of C," are two disjoint subsets. 
0080 Preferably, all the remaining bit subsets are of 
equal size. For example, in example case 1 below, all the 
data bit subsets include 7 bits. 

0081 Preferably, each remaining bit subset is decoded 
according to its own bits using a corresponding first decod 
ing scheme; and the decoding, according to the removed 
selected Subset, of the remaining bit Subset whose decoding 
by the first decoding scheme failed, includes using a corre 
sponding second decoding scheme. For example, in example 
case 1 below, the first decoding schemes are 117.3 
schemes and the second decoding scheme is a 15.7.5 
scheme. 

0082 Preferably, for at least one of the remaining bit 
Subsets, the corresponding first and second decoding 
schemes apply a common decoding method. For example, 
continuing the alternative to example case 1 of the fifth 
aspect of the present invention, both the first decoding 
scheme and the second decoding scheme are 11.7.3 
schemes. The first decoding schemes use the stored parity 
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bits that were generated by the encoding of the unpermuted 
header bits. If the decoding of the first 7 stored data bits fails 
but the decoding of the last 7 stored data bits succeeds, then 
the successfully decoded data bits are permuted and encoded 
to regenerate the corresponding parity bits. These regener 
ated parity bits are XORed with the last 4 stored parity bits 
to regenerate the parity bits of the first 7 permuted header 
bits, which are used in a second attempt to decode the first 
7 stored data bits by performing a 117.3 decoding of 
permuted first 7 stored data bits. 
0083 Preferably, all the first decoding schemes are iden 

tical. For example, in example case 1 below, all the first 
decoding schemes are the same 11.7.3 decoding scheme. 
0084 Preferably, all the second decoding schemes are 
identical. For example, in example case 1 below, all the 
second decoding schemes are the same 15.7.5 decoding 
scheme. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0085 For a better understanding of the invention with 
regard to the embodiment thereof, reference is made to the 
accompanying drawings, in which like numerals designate 
corresponding sections or elements throughout, and in 
which: 

0086 FIG. 1 is a block diagram of a preferred embodi 
ment of a device of the present invention; 
0087 FIG. 2 is block diagram of the components com 
prising the Multiple Phase Encoder of FIG. 1; 
0088 FIG. 3 is a flow chart of the encoding process as 
carried out in State Machine Control Logic block of FIG. 2; 
0089 FIG. 4 is a block diagram of the components 
comprising the Multiple Phase Decoder of FIG. 1; 
0090 FIG. 5 is a block diagram of the components 
comprising the Dual Mode Decoder unit of FIG. 4; 
0091 FIG. 6 is a flow chart of the decoding process with 
respect to Example case 1: 

0092 FIG. 7 is a flow chart of the decoding process with 
respect to Example case 2; 

0093 FIG. 8 is a schematic illustration of the encoding 
process with respect to Example case 1: 

0094 FIG. 9 is a graphical illustration of CER perfor 
mance Vs. SER performance, with respect to Example case 
2. 

0.095 FIG. 10 is a depiction of the generator matrix for 
block code 15.7.5, with respect to Example case 1 and 
Example case 2; 

0.096 FIG. 11 is a depiction of the parity check matrix 'H' 
for block code 15.7.5, with respect to Example case 1 and 
Example case 2; 

0097 FIG. 12 is a table depiction of a dual error location 
for block code 15.7.5, with respect to Example case 1 and 
Example case 2; 

0098 FIG. 13 is a depiction of parity check matrix H' 
for block code 11.7.3), with respect to Example case 1 and 
Example case 2; and 
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0099 FIG. 14 is a table depiction of a single error 
location for block code 11.7.3), with respect to Example 
case 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0100. The present invention discloses a method and 
device providing an error correction coding scheme in order 
to ensure the reliability of the stored information. The 
proposed method approaches the performance of the long 
code while avoiding the circuitry complexity of the encoder 
and decoder of the long code. Hence, a size and complexity 
reduction of hardware and Software implementations is 
obtained. 

0101 The term “A modification of decoded data” refers 
herein to a modification from a first value of decoded data 
to a second value of decoded data. In accordance with the 
method of the present invention, modification of decoded 
data of a certain short code word representation is effected 
based on other short code word representations. Therefore, 
an additional decoding attempt for a code word representa 
tion whose decoding has failed is carried out according to 
decoded data of the other short code word representations. 
0102) The term “A value of decoded data of a code word” 
refers herein to any valid numerical value. This term alter 
natively may refer to a logical indication that there is no 
presently known value, e.g. because decoding failed. Hence, 
“modification of decoded data may be from one valid 
numerical value to another valid numerical value, from a 
logical indication of decoding failure to a valid numerical 
value, or from a valid numerical value to a logical indication 
of decoding failure. 
0103) The term “subset' refers herein in the present 
invention to both a proper subset that is smaller than the full 
set to which it is a subset, and to the full set itself. 

0104. It should be understood that modification of 
decoded data of one short word according to decoded data 
of other short words is provided by the present invention as 
an option and does not necessarily occur during each 
instance of decoding a long code word. For a specific 
instance of a long word, with a specific occurrence of errors, 
it may be the case that all short code word representations 
are Successfully decoded on first attempt. In Such case, no 
modification of decoded data is applied. Such modification 
is carried out only in a case of a failed decoding for at least 
one short word. Consequently, the term “effecting a modi 
fication” means "optionally effecting a modification depend 
ing on need’. 
0105. The preferred embodiments of the method of the 
present invention are described herein in connection with 
Example case-1 and Example case-2. The two example 
cases disclose a device providing an error correction coding 
scheme, wherein the device is particularly well-suited for the 
use of data storage. Hence, the preferred device of the 
present invention comprises a decoder provided for increas 
ing the delay for a particular word in order to apply further 
steps in the decoding process. Due to the peak delay (in rare 
cases), this error correction coding scheme might not be 
Suitable for Some communication systems applying a syn 
chronous or semi-synchronous stream with fixed limited 
delay. 
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0106. It is to be emphasized that the average delay 
introduced by the method of the present invention is not 
higher than methods known in the art. However, in the rare 
cases where the delay considerably increases, the method of 
the present invention is particularly Suitable for storage 
media and less Suitable for synchronous communication 
systems. 

EXAMPLE CASE 1 

0.107 There is provided a FLASH device containing 
independent bits, wherein there is one bit per nucleus cell 
and the Cell Error Rate (CER) is 4.7x10. Because the 
FLASH device has one bit per cell, the Bit Error Rate (BER) 
is also 4.7x10. A flash memory of the FLASH device 
includes many blocks; each block defined having several 
pages. Each page includes a header or control area and 
several sectors each of which is 512 data bytes long. It is 
required to design an error correction coding scheme in the 
flash controller for the FLASH device, while providing 
reliable storage for the header of each block containing 14 
bits and achieving a Header Error Rate (HER) performance 
lower than 10' (HER-10'). 
0108) A 3 bit error correction capability is required for 
providing the performance goal of HER-10' over a set of 
14 bits with an input CER of 4.7x10. The correction of one 
error (i.e. t=1) provides HER-3.8x10" and the correction of 
two errors (i.e. t=2) provides HER-2.1x10'. 
0109 Hence, a three error correcting 29, 14 BCH code 

is required, wherein the code rate R is equal to 0.4828 (i.e. 
14/29) and the header is represented using one code word of 
length 29 bits. 
0110. The literature of coding and decoding of BCH 
codes as well as the ways to build Such circuits is thoroughly 
studied over the years (see references 16-47). An 
example of coding and decoding is provided for achieving 
the same HER goal performance, while employing the 
method of the present invention. The example described 
below utilizes a simplified controller that includes a com 
ponent code capable of correcting only two errors instead of 
three. Moreover, because the length reduction is not neces 
sarily a direct result of the number of errors (2 rather than 3) 
that the component code can correct, but instead has mainly 
to do with the entire scheme structure, the code length 
requires only 26 bits for each header instead of a 29 bit code 
(i.e. a higher code rate of R=14/26=0.5385 is achieved). The 
reduction gain achieved in the flash header size is 11.54%. 
This advantage is achieved in the following non-limiting 
example: 

0111. Instead of the 29, 14 BCH code, a 15.7.5 block 
code is designed (hence reduced complexity for encoder/ 
decoder hardware). The notation n.k.d commonly defines 
the code parameters as follows: 'n' refers to the code length, 
k refers to the number of information bits, and 'd refers to 
the codes' minimum Hamming distance. 
0112 A careful selection of such a code obtains a 117.3 
punctured code (by extracting bits 12-15), resulting in a 
minimum Hamming distance that equals 3. Therefore, it is 
possible to correct a single error using this punctured code. 
Based on this observation, a 15 bit code having an error 
correction capability of 2 bits is disclosed. This 15 bit code 
is provided to correct any single error when removing the 
last four bits, i.e. using only the first 11 bits. 



US 2007/01 24652 A1 

0113. The generator matrix 270 for this 15.7.5 block 
code is depicted in FIG. 10. The encoding process, i.e. the 
derivation of the 8 parity bits from the 7 information bits, is 
applied using the matrix multiplication operation over GF(2) 
as follows: 

C=n-G, c=1x15, n=1x7, IG=7x15, (1.1) 

0114 wherein GF(2) is the notation for the Galois Finite 
Field with two elements, c is defined as a row vector 
containing the code word, m is defined as a row vector 
containing the 7 information bits, and G' is defined as the 
systematic encoding matrix. 
0115 The decoding process of the 15.7.5 linear sys 
tematic block code is performed in two steps. In step one, an 
8-bit syndrome is calculated using the parity check matrix 
*H of block code 15.7.5280, as depicted in FIG. 11. The 
syndrome calculation is carried out using the matrix multi 
plication operation over GF(2), as follows: 

s=Hic", c=1x15, S-8x1, H=8x15 (1.2) 
0116 wherein c is a row vector containing the code 
word, is is a column vector containing the 8 bit syndrome, 
and H is the parity check matrix, and the notation ( )" 
means transpose, so that c is a column vector. 
0117. In step two, the 8 bit syndrome is used to access 
table 290 (see FIG. 12). Table 290 provides two 4 bit 
numbers, such that each of the 4 bit numbers defines the 
location of a single error in the 15 bit-code word. 
0118 Note that the value '0' in table 290 refers to the case 
of no error. In case table 290 contains two numbers in a 
specific entry where one of the values is a zero and the other 
value is a non Zero, then this indicates that there is only one 
error and not two. Furthermore, a Zero in the syndrome itself 
indicates there are no errors at all. The syndrome values are 
obtained assuming that the uppermost bit of the syndrome 
vector is the LSB (Least Significant Bit), while the lower 
most bit is the MSB (Most Significant Bit). Notice that only 
121 values (of the 256 possible values of the syndrome) are 
presented in the table. Since the decoder also includes an 
error detection capability, then for cases not presented in 
table 290. (see FIG. 12) there are more than two errors. 
However the decoder cannot point to their locations. 
0119) Due to the special way in which this code is 
generated, a sub matrix 'H' for correction of a single bit 
is provided. The correction of a single bit is applied to the 
first 11 bits of the same code word. The sub matrix 'H' 
includes the first 4 rows and first 11 columns of the 'H' 
matrix. The decoding process of the first 11 bits of the 15 bit 
word is applied in two similar steps as follows: 
0120 At the first step, as described above, the syndrome 
calculation is obtained by the matrix multiplication opera 
tion over GF(2) as follows: 

s=H'c', c=1x11, Is=4x1, HH-4x11 (1.3) 
0121 wherein c is a row vector containing the read 
word, is is a column vector containing the 4 bit syndrome, 
and H is the sub-matrix of H including said first 4 rows 
and said first 11 columns of the matrix 'H'. The matrix H' 
of block code 11,7,3300 is depicted in FIG. 13. 
0122) At the second step of the decoding process, the 
error location is extracted from the 4 bit syndrome 310 (see 
FIG. 14). The syndrome bits having a value 0 define the 
case of no error. 
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0123. Upon a successful decoding of the first 11 bits of 
the 15 bit code word, the matrix G' of (1.1) can be used to 
regenerate the last 4 bits of the 15 bit code word, even 
though these last 4 bits are not provided to the decoder. Since 
the first 11 bits are already decoded, the size of the encoder 
is reduced to regenerate the last 4 bits directly from the first 
7 bits out of the 11 decoded bits. This means that the 
regeneration of the last 4 bit requires only the last 4 columns 
of the matrix G'. 

0.124. Using the above generated code word, the single 
29, 14 BCH code is replaced with a set of two disjoint 
words, denoted as C.C.C and C are two systematic code 
words, each of length 15. Disjoint word C includes 7 
information bits and 8 parity bits, whereas disjoint word C. 
includes the remaining 7 information bits and their associ 
ated 8 parity bits. Therefore, in total the same 14 information 
bits of the header are obtained. The encoding process is 
performed according to the above formulation, as depicted 
in (1.1). 
0.125 The last 4 parity bits of each of the two disjoint 
words C. C. are defined as sub-sets P. P. The above 
referred to as the function of the entire data is simply the 
exclusive or (XOR) operation of these sub-sets (i.e. 
P=P(DP) (see FIG. 8). After encoding each of the 7 
information bits, the two sub-sets P, and P. are extracted 
from C and C. The remaining bits are then written to the 
FLASH device (i.e. only the first 11 bits of C and the first 
11 bits of C). The unified function of the entire data denoted 
by P is defined the unified data because it unifies the 
disjoint subgroups of data. This unified set P is also written 
to the FLASH device. 

0.126 This example case therefore incorporates 26 (11+ 
11+4) bits altogether. It is further emphasized that the bits 
written to the flash device do not contain bits P, P, since 
these bits are extracted from the code word before the code 
word is sent to the physical storage media. The extracted bits 
that are regenerated during the decoding process are defined 
hereinafter as hidden bits. As explained above, in the event 
that the first 11 bits are successfully decoded, then the 
remaining 4 bits can be regenerated via the encoding pro 
cess. The decoding process, as detailed below in the section 
“Reading the header from the FLASH device (decode). 
takes advantage of this property. 

0127. A person skilled in the art can appreciate that a fair 
comparison scenario is at hand, and that the implementation 
of Such an encoding and decoding process is feasible. The 
consequence of this innovative error correction coding 
scheme directs the write (encode) and read (decode) opera 
tions as follows: 

1. Writing the Header to the FLASH Device (Encode): 

0128. Use the first set of 7 information bits of the 
header to encode the first 15.7 block code defined as 
C, using the process detailed above with respect to 
formulation (1.1). Denote bits 12-15 of this 15 bit code 
word C as P. 

0129. Use the second set of 7 information bits of the 
header to encode the second 15.7 block code word 
defined as C, using the process detailed above with 
respect to formulation (1.1). Denote bits 12-15 of this 
15 bit code word C. as P. 
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0130 XOR sets P and P. bit by bit respectively, in 
order to obtain 4 bits defined as parity-2 bits or bits P. 

0131 Write bits 1-11 of C and bit 1-11 of C, to the 
FLASH device. Denote bits 1-11 of C, as C," and 
bits 1-11 of C, as Ch". 

0132) Write the 4 bits “P” to the FLASH device. 

2. Reading the Header From the FLASH Device (Decode) 

0133) Read the two 11-bit words. The result is two 
words, depicted C," and C.". In case there are no 
errors in the FLASH, then C"-C," and 
Ch"=Ch". In case of an error, then C," or 
C" contains errors with respect to the code words 
Ch" and C." originally written to the flash. Note, 
that in case of an error, then C," or C.'" respec 
tively are depicted as words (not necessarily code 
words). 

0.134 Decode words C," and C.", according to 
the process detailed above with respect to formulation 
(1.3), i.e. a single error correcting decoder: 

0.135) If both words are decoded successfully 
(because C" has 0 or 1 errors and Ch" has 0 or 
1 errors)—the header is read successfully as the first 
7 bits of the 11 bit decoded word C," and the first 
7 bits of the 11 bit decoded word Ch". In case of 
a non-systematic code, further information (e.g. a 
table or other transformation) is required for reading 
the header successfully. 

0136.) If both words failed to decode (because C," 
has 2 or more errors and C," has 2 or more 
errors)—the header is not read successfully. 

0137) If one word failed to decode while the other 
word is successfully decoded (because one word has 0 
or 1 errors and the other word has 2 or more errors)— 
the decoding process proceed to step 3. 

3. Reading the Header in Case Exactly One Sub Code 
Fails: 

0138 Read bits P from the FLASH device. These bits 
are defined as P and not P. since there also might be a 
difference between P and P. As P bits are read from 
the flash device as well, and it is assumed that the flash 
device introduces errors. 

0.139. If the decoding of C," fails while the decod 
ing of C." succeeds, P, is regenerated from C." 
and P as follows: 

0140) Regenerate from C," the hidden P. bits of 
C by applying the encoding process, as detailed 
above with respect to formulation (1.1). 

0141 XOR bits P with regenerated hidden bits P to 
generate P. 

0142 Generate C, from C," and P, by way of 
arranging the bits C," in C, at bit location 1-11 
and bits P, in C, at bit location 12-15. 

10 
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0143 Decode C, using all 15 bits as a two error correct 
ing 15.7 block code by applying the decoding process 
detailed above, with respect to formulation (1.2). 

0144. If decoding is successful, then the header is read 
successfully. Otherwise, the reading of the header has 
failed. 

0145) If the decoding of C," fails while the decod 
ing of C" succeeds, then regenerate P, from Ch" 
and P as follows: 
0146) Regenerate from C," the hidden P. bits of 
C by applying the encoding process, as detailed 
above with respect to formulation (1.1). 

0147 XOR bits P with regenerated hidden bits P to 
generate P. 

0148 Generate C. from C," and P. by way of 
arranging the bits C," in C, at bit location 1-11 
and P in C bit location 12-15. 

0149 Decode C, this time with all 15 bits as a two 
error correcting 15.7 block code by applying the 
decoding process detailed above, with respect to for 
mulation (1.2). 

0150. If decoding is successful, then the header is read 
successfully. Otherwise, the decoding of the header has 
failed. 

MATHEMATICAL ANALYSIS OF EXAMPLE 
CASE-1 

0151. The following section describes in detail the math 
ematical analysis performed in the method of the present 
invention in order to evaluate the achieved gain in size and 
circuitry complexity. The achieved gain related to controller 
complexity is obvious, since the implementation of a 
decoder that is capable of correcting two errors is simpler 
than the implementation of a decoder that is capable of 
correcting 3 errors. 
0152 For computing the reference scheme, let p be 
defined as the FLASH device input BER (i.e. in our example 
p=4.7x10). The HER performance of the decoder, wherein 
n=15.k=7.d=5.t=2) is given according to the binomial 
distribution as follows: 

23 
24 

HER-2-15 = ( 
(1.4) 

= 2.1 x 109, p . (1-p)? 
p=47.105 

wherein it refers to the error correction capability (i.e. the 
maximum number of erroneous bits that can be corrected) as 
follows: t=L(d-1)/2. Because according to (1.4) it is insuf 
ficient to correct two errors, as the HER is above 10", the 
reference scheme is forced to use a three-error-correction 
BCH code. Now turning to the calculation of the HEER 
performance employing the scheme of the present invention, 
the present invention’s Sub Code Error Rate (SCER), 
wherein n=11.k=7.d=3.t=1), is accordingly given by: 

')... i - all SCER-1-11 = P (1-p) 
(1.5) 
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0153. The first contributor to HER performance is the 
case of a failed decoding of two sub-codes in the header. 
This probability is calculated as follows: 

HER2.1=(SCER,-11-1)*=1.47-10' (1.6) 
0154) The second contributor to the HER performance is 
the case of a failed decoding of one word in the first stage, 
and a failed decoding of more than two errors (when trying 
to decode up to two errors with 15 bits) in the second stage. 
This probability is calculated as follows: 

HER2 = (1.7) 

SCER-2-15 TP = 9.4. 10 
SCER-1-11 2. SCER-1-11 (1 - SCER-1-11). 

0155 Combining the two probabilities yields: 
HER=HER2+HER22s HER2 =9.4:10' (1.8) 

0156 The second contribution to the HER performance 
HER, is calculated as follows: 
0157) The left two factors SCER,--(1-SCER,-,-) 
are to be multiplied by 2, because there are two possibili 
ties for a first failed decoding Sub code and a second 
successful decoding sub-code. The first possibility is 
obtained when the decoding of the first sub-code fails while 
the decoding of the second Sub-code succeeds according to 
the single error correction block code. The second possibil 
ity is obtained when the decoding of the first sub-code 
succeeds while the decoding of the second sub-code fails 
according to the single error correction block code. 
0158. The right-most factor 

SCER-2-15 
SCER-1-11 

is the result of a division of two values. This result corre 
sponds to the probability that there are more than two errors 
in the set of 15 bits, provided that there is more than 1 error 
in a subset of 11 bits. Define the event of more than 1 error 
in a subset of 11 bits as event x and the event that there are 
more than 2 errors in the set of 15 bits as event y”. 
Therefore, the event P(yx) is obtained according to Bayes 
law as follows: 

P(y, y) (1.9) 
P(x) 

0159. The event P(y,x) refers to the existence of more 
than 2 errors in the set of 15 bits and more than 1 error in 
a subset of 11 bits. It is obvious that all the cases of more 
than 2 errors in the set of 15 bits contain the events that a 
subset of these 15 bits includes more than 1 error. Therefore 
P(y,x)=P(y), and the rightmost element in formulation (1.7) 
is P(y)/P(x). 

EXAMPLE CASE 2 

0160 There is provided the same FLASH device as 
disclosed above in Example case 1, i.e. there is one bit per 
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cell and the Cell Error Rate (CER) is 4.7x10. It is required 
to design a FLASH device comprising a decoder, Such that 
the decoder is implemented to provide reliable storage of a 
sector data area containing 512 bytes (of 8 bits each). Since 
the data itself is of less importance than the header of each 
sector, then the target performance for the data, i.e. SER 
(Sector Error Rate), is lower than 5x10. The design of the 
FLASH device is limited to a simple ECC (Error Correction 
Code) hardware (i.e. a 15 bit block code, as already designed 
for the header). 
0161 The correction of t=1 error obtains SER-1.36x10 

4. The correction of t=2 errors obtains SER-2.8x10. The 
code rate R is defined by the number of information bits k 
divided by the code length n. In other words, using a total of 
512x8/7=586 code words to represent the sector of length 
4096 bits provides a total code rate of R=512x8/(586x15)= 
0.466. Hence, a two error correcting 15.7.5 block code 
with a code rate R=7/15=0.466 is Sufficient. 

0162 Instead of using a design of 586 code words each 
of length 15, a new design containing 586 punctured code 
words of 7 information bits and 4 parity bits is provided, 
while maintaining the same restriction described herein 
above. The second set of 4 parity bits from all sub-codes is 
XORed, whereas the 4 bit result is stored in the flash device. 
In this manner, the method of the present invention enables 
to meet the target performance of SER<5x10 using the 
same hardware design and providing a higher code rate of 
R=4096/(586x11+4)=0.635 bits per cell. The gain is the 
significant reduction of flash device size by 26.6%. The read 
and write operations of a sector are carried out as follows: 
1. Writing a Sector to the FLASH Device (Encode): 

01.63 Encode 586 code words of the 15.7.5 block 
code using the 4096 information bits of the sector. 

0164 XOR bits 12-15 of all 586 code words to obtain 
4 bits, defined as parity-2 bits. 

01.65 Write to the FLASH device bits 1-11 of all 586 
code words. 

0166 Write the 4 parity-2 bits to the FLASH device. 2. 
Reading a Sector From the FLASH Device (Decode): 

0167 Read the 586 code words of length 11 from the 
flash device. 

0168 Decode the 586 words using the single error 
correcting decoder for 11.7.3) block code decoder. 

0169. If all code words are decoded successfully the 
sector is decoded Successfully. 

0170 If more than 1 word failed to decode then there 
is a failure in the decoding of the sector. 

0171 If a single word failed to decode while the other 
585 words have decoded successfully perform the 
following steps: 

0172 Regenerate hidden parity bits 12-15 of all 585 
words that were successfully decoded by applying 
the encoding process detailed above, with respect to 
formulation (1.1) 

0173 Read parity-2 bits from the FLASH device. 
0.174 XOR parity-2 bits with hidden parity bits 
12-15 of all 585 code words that were successfully 
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decoded, in order to estimate bits 12-15 of the 586" 
word that failed to decode. 

0175 Decode the failed word again now with all 15 
bits with a dual error correcting 15.7.5 block code 
decoder process as detailed above, with respect to 
formulation (1.2). If decoding is successful, then the 
sector is successfully read. Otherwise, there has been 
a failure in the decoding of the sector. 

0176) The method of the present invention using 
Example case 2 achieves the following advantages: 

0177 Reduced flash device size (a reduction of 
26% in the number of cells) or providing a higher 
code rate (0.635 instead of 0.466). 

0.178 The same SER performance requirement is 
maintained. 

0.179 The same hardware complexity—using a 
15.7.5 block code encoder/decoder. 

0180 Unified hardware for header and data 
encoding and decoding procedures. 

MATHEMATICAL ANALYSIS OF EXAMPLE 
CASE-2 

0181. The SER analysis provides a comparison between 
the reference scheme and the scheme of the present inven 
tion is depicted in FIG. 9. The formulation used to achieve 
these values is given in the following section. 

0182 1. Reference Scheme (curve 262): 
0183 Let p denote the CER performance (i.e. in our 
example p=4.7x10) of the FLASH device. The frame error 
rate (FER) of a n=15.k=7.t=2 block code decoder is given 
by: 

5 

FER 15). 1 - ) 15 t=2n=15 F P (1-p) 
(2.1) 

= 4.7 x 10 
p=4.7.105 

0184 The SER performance of the reference scheme 
(586 code words of a n=15.k=7.t=2 block code) is given 
by: 

SER=1-(1-FER-2,-15)PERs 4.7.10-11=2.8x 10-8 (2.2) 

0185. 2. Present invention Scheme (curve 264): 

0186 The frame error rate of a n=11.k=7.t=1 block 
code decoder is given by: 

')... i - all FER-1-11 = P (1-p) 
(2.3) 
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0187. The first contributor to the SER performance of the 
FLASH device refers to the case of two or more failing 
words in a sector. This probability is defined by: 

586 (2.4) 586 

SER = ( i FER, i. 

(1 - FER-11-1) = 2.5. 10 
FER-11-1=1.2-107 

0188 The second contributor to the SER performance of 
the FLASH device refers to the case of a single word failure 
in the first stage and more than two errors in the second stage 
(when decoding 15 bits with a decoder capable of decoding 
up to two errors). This probability is defined by: 

SER22 = 586. FER.-1.-11: (1 - FER-1-11). (2.5) 

FER t=2n=15 = 3.0. 108 
FER=1=11 FER-1-11=1.2-107 

FER-2-15-47.10 

0189 Combining the two contributors provides a prob 
ability of: 

SER=SER+SER =3.3-10 (2.6) 
0190. Referring now to FIG. 1, there is shown a block 
diagram including an encoder and a decoder of a device of 
the present invention. The device 1 of the present invention 
includes a Host Interface module 10 for receiving informa 
tion from the application and storing it within device 1. 
0191) Host Interface 10 transfers the information to a 
Multiple Phase Encoder 20. The Multiple Phase Encoder 20 
carries out the writing the header to the flash device 
process, as described above and is presented in further detail 
in FIGS. 2 and 3. Multiple Phase Encoder 20 converts a 
block of Kinformation bits to a code word of N bits, where 
N>K. With respect to Example case 1, K=14 and N=26. 
0.192 This N-bit block is then transferred to a Digital 
Processing Unit 30. The Digital Processing Unit 30 is 
provided for adding a data sector to the block, as described 
in Example case 2, and performing other digital procedures 
before the block is written to the cells. Such digital proce 
dures optionally include interleaving and gray mapping 
procedures. The Digital Processing Unit 30 may be any 
processing unit known in the art. 
0193 The processed N-bit block is then transferred to a 
Storage Device 40 provided for storing the physical infor 
mation bits. 

0194 Upon reading a block from Storage Device 40, the 
block is transferred to a Digital Reverse Processing Unit 50 
in order to convert the N-bit block to the same format as was 
presented at the output of Multi Phase Encoder 20. 
0.195 The N-bit block is then transferred from Digital 
Reverse Processing Unit 50 to a Multiple Phase Decoder 
100. Multiple Phase Decoder 100 is provided for recovering 
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the 14 information bits of the header from the 26 bit header 
code word, as described above in the section Reading the 
header from the FLASH device and in further detail in 
FIGS 4-6. 

0196. The recovered information bits of the header are 
then transmitted back to Host Interface 10. 

0197) Referring now to FIG. 2, there is shown a block 
diagram of the components comprising the Multiple Phase 
Encoder 20 of FIG. 1. The 14 information bits are trans 
ferred from Host Interface 10 and stored in the upper part 
(disjoint section) of a Random Access Memory (RAM) 21. 
The disjoint section of RAM 21 provides a storage area for 
22 bits. 

0198 A State Machine Control Logic block 24 is pro 
vided to activate the Sub-Code Encoder 22 to encode the 
first 7 information bits out of the 14 information bits into 15 
bits using the 15.7.5 block code encoder. 
0199 Bits 12-15 of these 15 bits are transferred to a Joint 
Parity Processor 23, while the four new parity bits (bits 8-11) 
from the Sub-Code Encoder 22 are transmitted back to the 
upper part (referred to as the disjoint section) of RAM 21. 
A Joint Parity Processor 23 is provided for applying a 
mathematical compression formulation (e.g. XOR) on the 
second type parity bits of all Sub-codes. 
0200 From RAM 21, the second set of 7 information bits 
are transferred to the Sub-Code Encoder 22 and encoded 
into a 15.7.5 block code word. Information bits 12-15 from 
the 15 bits of the block code word are transferred to the Joint 
Parity Processor 23, while the added four parity bits (bits 
8-11) are transferred back from Sub-Code Encoder 22 to the 
upper part of RAM 21, thus completing an encoding of the 
second set of 7 bits into an 11-information bit 11.7.3) code. 
0201 In the Joint Parity Processor unit 23 these four 
information bits 12-15 are XORed bit by bit with the four 
bits already stored in unit 23. The result is stored at the lower 
part (referred to as the joint section) of RAM 21. 
0202 Referring now to FIG. 3, there is shown a flow 
chart of the encoding process 31 as carried out in State 
Machine Control Logic block 24 of FIG. 2. At the first step 
32, the sub-code number N is initiated to 0. 
0203 At the next step 33, it is checked whether the value 
of the variable 'N' has reached the value of 2, i.e. two 
Sub-codes with respect to Example case 1. Since at this stage 
of the encoding process N=0, the value of N is incre 
mented by 1 (step 34 in order to indicate that State Machine 
Control Logic block 24 is encoding Sub-code 1. 
0204 At the next step 35, Sub-Code Encoder 22 (see 
FIG. 2) is activated to encode sub-code 1. Bits 1-11, defined 
as DJP, are stored in the upper part of RAM 21. 
0205 At step 36, bits 12-15, defined as JP, are stored in 
Joint Part Processor (JPP) unit 23 (see FIG. 2). 
0206. At step 37, these four bits 12-15 are updated (i.e. 
XORed with the initial four zeros). The encoding process 
then returns to step 33. 
0207. At the next step 33, the value of the variable N is 
checked again to determine if it has reached the value of 2 
at this cycle of the loop. Since at this stage N=1, the 
encoding process proceeds to step 34 for executing a second 
cycle of the loop. 
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0208. At step 34, the value of the variable N is incre 
mented by 1 to equal N=2. 
0209 At step 35, the second group of 7 bits is encoded to 
a 15 bits code word. The last 4 bits of the first 11 bits, defined 
as DJP, are stored in the upper part of RAM 21. The last 4 
bits of the 15 bits are defined as JP. 
0210. At step 36, JP, bits are transferred to the JPP unit 
23 (see FIG. 2). 
0211. At the next step 37, JP, bits are XORed with JP. bit 
by bit in order to generate the four output JPP bits of JPP unit 
23. 

0212 Following this step, the encoding process returns to 
step 33. Upon reaching step 33, the value of the variable 'N' 
is equal to 2. Hence, in the affirmative case (N=2), the 
encoding process proceeds to step 38. 

0213 At step 38, the resulting JP bits are written to the 
lower part of RAM 21. 
0214) At the last step 39, the encoding process comes to 
an end. 

0215 Referring now to FIG. 4, there is shown a block 
diagram of the components comprising the Multiple Phase 
Decoder 100 of FIG. 1. The implementation of Multiple 
Phase Decoder 100 is provided to distinguish between a 
RAM unit storing joint information (JIR) 110 and a RAM 
unit storing disjoint information (DJIR) 200. The distinction 
between the two types of information is due to the fact that 
in practice, when taking under consideration the probability 
of using the JIR unit previously in the mathematical analy 
sis, it was found that this probability is considerably small. 
Therefore, in order to reduce circuitry complexity it is 
advisable to differentiate between these two RAM units. 

0216) DJIR 200 is provided for storing the 22 bits of the 
first and second disjoint information words. These words are 
transferred to a Dual Mode Decoder unit 130, which reads 
these 22 bits via a Control Unit 190. The Dual Mode 
Decoder unit 130 is activated in the single error correction 
mode, with respect to Example case 1 as described above. 
0217. In case the decoding of the first word succeeds, 
then the DJIR unit 200 is updated if necessary with the 
corrected bit via the Control Unit 190. The decoding process 
is then repeated for the second 11-bit word. 
0218. In case the decoding of both the first and second 
words succeeds, then the JIR unit 110 is left inactivated. In 
case the decoding of both words fail, then the complete 
decoding process fails. 

0219. In case of a decoding failure in either one of 
sub-words (first sub-word or second sub-word) but not in 
both Sub-words, then a second attempt to decode the failing 
Sub-word is made using the Successfully decoded Sub-code. 
0220 For example, if the decoding of the first sub-code 
has succeeded and the decoding of the second sub-word has 
failed, then a second attempt is made to decode the second 
sub-word using the successfully decoded first sub-code. The 
four bits from the JIR unit 110 are read via Control Unit 190 
and stored in the Intermediate RAM (IR) unit 170. The first 
sub-code is re-read to the Multiple Phase Encoder 20 (see 
FIG. 2) via Control Unit 190. Multiple Phase Encoder 20 
re-generates the 4 JP bits and then transfers them to the IR 
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unit 170. A Joint Information Processor (JIP) unit 180 is 
provided for XORing JP and JP bits, bit by bit. The result 
is stored in the Dual Mode Decoder unit 130 in locations 
12-15 of the 15.7.5 block code. The second sub code is 
re-read from the DJIR to Dual Mode Decoder unit 120 in 
location 1-11 of the 15.7.5 block code to generate a 15 bit 
word. In such a case, the Dual Mode Decoder unit 130 is 
activated in the dual bit error correction mode. In case the 
Dual Mode Decoder unit 130 fails to decode in the dual error 
correction mode, then the complete decoding process fails. 
However, in case the Dual Mode Decoder unit 130 succeeds 
to decode in the dual error correction mode, then the DJIR 
unit 200 is updated with the corrected bits and the read 
process is declared successful. 
0221 Alternatively, a similar decoding process is carried 
out in case the decoding of the second Sub-word (defined as 
a sub-code upon a Successful decoding) has succeeded and 
the decoding of the first sub-word has failed, such that the 
operational functionality between the first sub-code and the 
second sub-word, as described herein in the example above, 
is exchanged. 

0222. The present invention is described herein as pro 
viding a single decoder for decoding a long code word. 
However, the present invention is not limited to a single 
decoder only, and is equally applicable for providing a 
plurality of decoders, each decoding a code word having 
fewer bits than the long code word. 
0223 Referring to FIG. 5, there is shown a block diagram 
of the Dual Mode Decoder unit 130 of FIG. 4. A State 
Machine unit 138 is provided to control the decoding 
process carried out by the Dual Mode Decoder unit 130. 
0224) Information bits transferred from the DJIR unit 
200, the JIR unit 110, and the JIP unit 180 (see FIG. 4), are 
collected together in a Data Collector unit 132. The collec 
tion is controlled by the State Machine unit 138. 
0225. The information bits received from the Data Col 
lector unit 132 are decoded at a Decoder Core unit 134. For 
the computation required for the decoding process a Parity 
Check Matrix unit 136 is employed according to a single 
error or a dual error correction mode. The Parity Check 
Matrix 136 contains in each line a parity check on the 
received word. Each Such line in the matrix contains a value 
1 in a location being checked. The checking procedure is 

the operation of XORing the elements of the word in the 
locations were the parity check line contains the value 1. 
The checking procedure is successful if the outcome of the 
XOR operation returns a Zero. In case all checking proce 
dures return a zero, then the received word is determined as 
a code word. The result of applying the Parity Check Matrix 
136 on the received word is the received words syndrome. 
A received words syndrome containing a non-Zero value 
indicates that the received word is not a code word. Apply 
ing the Parity Check Matrix 136 on a received word is 
carried out according to the procedure detailed above, with 
respect to equation (1.2) or equation (1.3). 

0226. With respect to Example case 1 the matrix imple 
mented in the Parity Check Matrix unit 136 (see FIG. 5) is 
provided for both a single error and a dual error correction 
mode. Such that the matrix used in a single error correction 
mode is in fact a subset of the matrix used in the dual error 
correction mode. 
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0227 Referring to FIG. 6, there is shown a flow chart 140 
of the decoding process, with respect to Example case 1. In 
the initial step 141, the first word is read from DJIR 200 (see 
FIG. 4). Then the Dual Mode Decoder 130 is activated in the 
single error correction mode. 
0228. At the next step 142, State Machine unit 138 (see 
FIG. 5) checks whether the decoding of the first word has 
Succeeded. 

0229. In the affirmative case, the decoding process pro 
ceeds to step 150. In step 150, the first word is updated with 
the corrections, in case there were corrections. At this step 
the Dual Mode Decoder 130 (see FIG. 4) is activated for 
decoding the second word read from DJIR 200 (see FIG. 4) 
in the single error correction mode. In the next step 152, 
State Machine unit 138 (see FIG. 5) checks whether the 
decoding of the second word has succeeded. In the negative 
case (i.e. the decoding of the first word in the single error 
correction mode has succeeded and the decoding of the 
second word in the single error correction mode has failed), 
the decoding process continues to step 153. However, in the 
affirmative case—the decoding process proceeds to step 
156. In step 156, the second word is updated with the 
corrections in case there were corrections and the decoding 
process finalizes successfully (step 149). 
0230. In the first negative case (i.e. in the event the 
decoding of the first word fails), the decoding process 
continues to step 143. In step 143, the second word is read 
from DJIR 200 (see FIG. 4) and decoded in the single error 
correction mode. 

0231. In the next step 144, State Machine unit 138 (see 
FIG. 5) checks whether the decoding of the second word has 
Succeeded. In the negative case the complete decoding 
process fails and is brought to an end at step 145. However 
in the affirmative case (i.e. the decoding of the second word 
Succeeded), the decoding process continues to step 146. 
0232. In step 153, an additional decoding attempt is made 
to decode the second word using the information obtained 
from the successfully decoded first word and from the four 
external joint bits. In this step, the 11 bits of the second word 
are re-read from the DJIR unit 200 (see FIG. 4). The second 
words last four bits are regenerated from the four hidden 
bits of the first word XORed with the four joint bits obtained 
from unit JIR 110 (see FIG. 4). The hidden bits of the first 
word are obtained by applying the encoder on the 11 bits 
successfully decoded from the first word. The Dual Mode 
Decoder 130 (see FIG. 4) is activated for decoding the 
second word in the dual error correction mode. In the next 
step 154, the State Machine unit 138 (see FIG. 5) checks 
whether the additional decoding of the second word has 
Succeeded. 

0233. In the negative case, the complete decoding pro 
cess has failed and is brought to an end at step 155. 
0234. However, in the affirmative case, the decoding 
process proceeds to step 156. In step 156, the second word 
is updated to the DJIR 200 (see FIG. 4) with the corrections 
found in the second decoding attempt for the second word. 
The decoding process then proceeds to the last step 149. In 
the last step 149, a successful decoding process is declared 
and decoding is finalized. 
0235. In step 146 a second attempt for decoding the failed 

first word is made in a similar manner to the decoding 
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process carried out for the first word in step 153 (such that 
the operational functionality between the first word and the 
second word is exchanged). 
0236. In the next step 147, State Machine unit 138 (see 
FIG. 5) checks whether the additional decoding of the first 
word has succeeded. 

0237. In the negative case, the complete decoding pro 
cess has failed and is brought to an end at step 155. 
0238. However, in the affirmative case, the decoding 
process continues to step 148. In step 148, the first word is 
updated to the DJIR unit 200 with the corrections found in 
the second decoding attempt for the first word. In the last 
step 149, a Successful decoding process is declared and 
decoding is finalized. 
0239 Referring to FIG. 7, there is shown a flow chart of 
the decoding process with respect to Example case 2. The 
decoding process detailed herein in FIG. 7 is further suitable 
for the implementation of soft decoders. The units which are 
exclusively implemented for employing soft decoders are 
marked in dotted line and are unused with respect to 
Example case 2. 
0240. In the initial step 211, initialization is carried out 
for several variables used in the decoding process. These 
variables include the number of successful decoded sub 
codes (k), the number of disjoint sub-words (nc), the number 
of current word to process (), a phase counter (p), a maximal 
phase value (np), the number of failing words in single error 
correction mode (or first decoder in the more general case) 
(f), a maximal number of failed decoding in single error 
correction mode (or first decoder in the more general case) 
(mf). 
0241 The vector v is provided for storing a value 1 per 
each sub-code that is successfully decoded in the corre 
sponding element location of vector v. At the beginning of 
the decoding process all elements of vector v are initialized 
to 0. Since no knowledge regarding the correctness of any 
of the sub-codes exists. With respect to Example case 2, the 
number of sub-words inc is initialized to 586, and therefore 
the number of elements in vector v is 586. 
0242. The variable j is initialized to zero. Variable j' is 
the numeral of the currently decoded sub-code. The variable 
p' defines the phase number currently running in the decod 
ing process, and is initialized to 0. 
0243 The variable np defines the maximal phase num 
ber. With respect to Example case 2, it is possible to activate 
only two phases, i.e. phase-0 defining the single error 
correction mode and phase-1 defining the dual error correc 
tion mode. Note that in the event of a soft decoder imple 
mentation, it may be the case that more than two phases are 
executed, such that a single sub-code is decoded more than 
twice. 

0244. The variable f defines the number of sub-words 
that failed to decode in phase-0. With respect to Example 
case 2, the decoding process is not able to regenerate the 
hidden bits of a sub-word in case there is more than a single 
failure in phase-0. However, in the event of a soft decoder 
implementation the variable f may be set to any value up 
to inc, according to specific design considerations. 
0245. The variable k’ defines the number of successfully 
decoded sub-codes and is set to k=586-f once phase-0 is 
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attempted on all sub-words and the value of f is set. In 
order to avoid a new computation of the variable k each 
time the variable f is updated the variable k is defined 
independently of the variable f. The decoding process 
comes to an end once the variable k reaches the value 586 
(or 'nc in the general case). 
0246. In the next step 212, the joint parity bits (JP bits) 
are transferred from the JIR unit 110 (see FIG. 4) to the 
Intermediate RAM 170 (see FIG. 4). Subsequently, for each 
of a successfully decoded sub code, the JP is updated with 
the regenerated hidden bits of the successful decoded sub 
code. 

0247. In step 213, ' is compared with the value 586 (nc). 
Since at this point of the decoding process the value of is 
less than 586 (j=0), the decoding process continues to step 
214. 

0248. In step 214 the disjoint word-0 (i.e. word- in the 
next application of the loop) transferred from the DJIR unit 
200 (see FIG. 4) is decoded in the Dual Mode Decoder 130 
(see FIG. 4) in mode-1 (i.e. single error correction mode is 
activated with respect to Example-case 2). 
0249. In the next step 215, the State Machine unit 138 
(see FIG. 5) checks whether the decoding of this sub-word 
has succeeded. In the negative case, the decoding process 
continues to step 216. In the affirmative case, the decoding 
process continues to step 219. 

0250). In step 219, the hidden bits JP of word-0 are 
reconstructed by applying the encoder to the 11 Successfully 
decoded bits of word-0 (i.e. word-in the next application of 
the loop) and XORing the resulting 4 parity bits with the JP 
bits already stored in the Intermediate RAM 170 (see FIG. 
5). The corresponding value of element VO) is set to 1 to 
indicate that word-0 is successfully decoded and k is 
incremented by 1. Following these variable setting opera 
tions, word-0 (i.e. word-in the next application of the loop) 
is updated in the DJIR unit 200 (see FIG. 4) according to the 
correction result. 

0251. In step 221, is incremented by 1, thus enabling 
the decoding of the next Sub-word. The decoding process 
then returns to step 213. 
0252) In step 213, it is determined whether the value of 
the variable j is lower than 586. 
0253) In the negative case, the decoding process contin 
ues to step 222. In the affirmative case, the decoding process 
re-applies step 214, step 215 and if necessary step 216 with 
an incremented value for the variable j'. 
0254. In step 216, the value of variable f is checked. In 
the event the number of so far failed sub-words “f exceeds 
the value 1 (with respect to Example case-2), the decoding 
process declares a failure and is finalized at step 217. 
Otherwise, the decoding process proceeds to step 220 (or to 
step 218 in case a soft decoder is implemented). Note that in 
case of a soft decoder; the value of variable f may exceed 
the value of 1 before a decoding failure for the entire page 
sector is declared. 

0255 In step 218, the estimation carried out for the 
hidden bits of word i is stored in the Intermediate RAM 
170. Considering the implementation of a soft decoder, it is 
possible to provide new knowledge, even partial, on the 
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hidden bits even though the soft decoder failed to decode. 
However, providing such estimation is not possible with 
respect to Example case-2. Therefore, in Example case-2 
step 218 is bypassed. 

0256 In step 220, the value of the variable f is incre 
mented by 1 to indicate that the total number of so-far failed 
Sub-words has increased. The decoding process then pro 
ceeds to step 221, wherein the value of the variable j is also 
incremented by 1 to indicate the decoder proceeds to decode 
the next sub-code. 

0257). In step 222, the value of the variable k is com 
pared to the value 586. In case k=586, then the decoding 
of all Sub-words has succeeded and the decoding process is 
successfully finalized at step 223. Otherwise with respect to 
Example case-2, there can be only one Sub-word that was 
not successfully decoded and the decoding process proceeds 
to step 224. 
0258. In step 224, the value of phase number p is 
incremented by 1. 
0259. In step 225, it is checked whether the value of the 
variable p is lower than 2 (or lower than np in the general 
case). In the negative case (i.e. p is equal to or greater than 
2), the entire decoding process is declared a failure and is 
brought to an end in step 226. However, in the affirmative 
case at step 227, the value of the variable j is reset to 0 
for re-decoding the failed sub-word. Following step 227, the 
decoding process continues to step 228. 
0260. In step 228, it is checked whether the value of 
vector v at location j (element VI) equals 0". In the 
affirmative case, in the case of a soft decoder the decoding 
process proceeds to step 229; in the case of a hard decoder 
the decoding process bypasses step 229 and goes directly to 
step 237. However, in the negative case—the decoding 
process proceeds to step 235. In step 235, the value of 
variable j is incremented by 1 and the decoding process 
proceeds to the next step 234. In step 234, it is checked 
whether the value of variable j is lower than 586. In the 
negative case (i.e. i is equal to or greater than 586), all 
elements have been scanned and the decoding process 
continues back to apply step 222. However, in the affirma 
tive case (i.e. '<586)—steps 228, 235 and 234 are repeated 
until a failed sub-word is found. 

0261 Note that step 229 is carried out only in case of a 
soft decoder. In the case of a soft decoder, the hidden bits of 
the failed sub-word are re-constructed using the so far 
updated JP bits of the successfully decoded sub-words and 
the estimations provided for the reconstructed hidden bits of 
the so far failed sub-words. Although the preferred method 
of the present invention provides estimation for the recon 
structed hidden bits of the failed sub-words using a XOR 
operation, other operations may be further considered in the 
event of soft decoders. 

0262. In the case of a hard decoder, all other sub-words 
must be successfully decoded. With respect to Example case 
2, the JP bits, stored in the Intermediate RAM 170, after 
having been updated with all the other successfully decoded 
sub-words, are used as the estimation for the hidden bits of 
the failed sub-word’. The updated JP bits are only used for 
the estimation for the hidden bits of the failed sub-word 
in case two or more errors appear in the first 11 bits of 
sub-word . Note that if the second attempt to decode 
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sub-word ' is successful then the updated JP bits are the 
reconstructed hidden bits themselves and not just estima 
tions with respect to Example case-2. This is because 
Succeeding in the second decoding attempt means that there 
were exactly two errors in the 15-bit word. Moreover, 
because the first attempt has failed there are exactly two 
errors in the first 11 bits of the 15-bit word. Hence, the last 
4 bits of the 15 bit word have no errors and are an exact 
reconstruction of the hidden bits. 

0263. In step 237, for both the hard decoder and the soft 
decoder, word-i is read from DJIR200 (see FIG. 4) to Dual 
Mode Decoder 130 (see FIG. 4). Then the joint information 
is read from Intermediate RAM 170 (see FIG. 4). The joint 
information is combined with word-' in Data Collector 132 
(see FIG. 5) to form a modified word to be decoded in 
Decoder Core 134 (see FIG. 5) in the second decoding 
mode. With respect to Example-case 2 the combining opera 
tion is simply concatenation and the second decoding mode 
is the 15.7.5 block decoder. Once the modified word-' is 
located within Decoder Core 134 (see FIG. 5), State 
Machine 138 (see FIG. 5) initiates the decoding operation in 
the final stage of step 237. 
0264. In step 230, it is checked whether the second 
attempt for decoding word-j has succeeded. In the affirma 
tive case, the decoding process carries out step 231. In step 
231, the value of variable k is incremented by 1, the value 
of element v is set to 1, and code word- is updated in 
the DJIR 200 (see FIG. 4). In the case of a soft decoder, in 
step 236, the fully reconstructed hidden bits of sub-word 
are combined with joint parity bits stored in Intermediate 
RAM 170 and the estimations provided for these hidden bits 
are removed from Intermediate RAM 170. One way to 
combine the fully reconstructed (due to Successful decoding) 
hidden bits with the joint parity bits is by bit-by-bit XORing 
the hidden bits with the joint parity bits. Following step 231 
(or step 236 in the case of a soft decoder), the decoding 
process proceeds to step 233. However, in the negative case 
(i.e. the second decoding of word- has failed), the decoding 
process proceeds directly to step 233 (or to step 232 in case 
a soft decoder is implemented). In step 232, the updated 
estimations for the hidden bits of word j are stored in the 
Intermediate RAM 170. 

0265). In step 233, the value of variable j is incremented 
by 1 and the decoding process returns to apply the steps 
provided by the decoding process until a successful decod 
ing (step 223) or a failed decoding (step 226) is declared. 
0266 Referring to FIG. 8, there is shown a schematic 
illustration 240 of the encoding process, with respect to 
Example case 1. Each of the 7-bit information vectors, 
defined by numeral 242, is converted to a 15-bit code word 
244, denoted as C and C. The first 11 bits 246 of each such 
15-bit code word 244 contain the 7 information bits 242 and 
the first 4 parity bits 250. These first 11 bits 246 are written 
to the flash device. The last 4 parity bits 252 of each 15 bit 
code word 244 are XORed together bit by bit to generate a 
set of 4 parity bits, defined herein as P. bits 254, providing 
a second type parity bits. 
0267 Referring to FIG. 9, there is shown a graphical 
illustration 260 of an input CER performance (in the x-axis) 
vs. an output SER performance (y-axis), with respect to 
Example case 2. As shown in graphical illustration 260, the 
SER performance obtained by the reference scheme 262 
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(lower line) only slightly differs from the SER performance 
obtained by the scheme of the present invention 264 (upper 
line). In the environment where SER is below 10' there is 
no practical difference in performance, although the flash 
memory size of the present invention is considerably smaller 
than the one of the reference scheme. 

0268. The implementation of a soft decoder as a compo 
nent core code for the sub-codes in the device of the present 
invention is further possible. A soft decoder is provided for 
enabling the usage of component codes Such as LDPC 
(Low-Density Parity-Check), TCM (Trellis Coded Modula 
tion), TURBO codes, etc. 
0269. The decoding process may be carried out in several 
phases, while in each phase the soft decoder is activated for 
Some Sub word using updated information propagated from 
the other sub words through the joint information (stored in 
the Intermediate RAM). In the general case, the soft decoder 
may accept several bits including reliability bits for each 
value of the updated information. This means that the 
representation of an input bit value transferred to the soft 
decoder may further contain a plurality of bits (i.e. each 
value of the updated information is not limited to contain 
only a single binary value as in the above Example case 1 
and Example case 2). The input bit soft value can be 
considered as, and converted to, probabilities that represent 
reliability for the binary value of input bit i to equal '0' (or 
conversely to equal 1). 

0270. The log likelihood ratio (LLR) defined in (2.7) 
below is commonly used in coding theory known in the art 
to represent these reliabilities for the binary value 0 or 1. 
according to: 

P(b = 0) (2.7) Lb) = log: 

0271 In contrast to the communication domain, these 
probabilities are predetermined during the storage manufac 
turing process of a flash device. The storage unit in the flash 
device contains a group of bits in each cell. Such that a cell 
Voltage level corresponds to a symbol representing this 
group of bits. Any set of such symbols can therefore be 
defined as a signal constellation. 

0272. The flash device, due to its physical characteristics, 
can cause almost any written voltage level to be read as a 
different voltage level. Denote the probability of writing 
voltage level rand reading a different levels as the cross 
over probability P. 

0273. As mentioned above, due to the flash device's 
special manufacturing process—these probabilities are fixed 
given values. The input reliabilities for the binary value 0 
or 1 as in (2.7) are computed using a constant given table 
containing these cross over probabilities P. 

0274. In the first phase, the soft decoder decodes each 
disjoint sub-word, while the reliability of the “hidden parity 
bits” is set to zero (identified as erasures by the soft 
decoder). 
0275 Upon a success decoding, these parity bits are 
Successfully regenerated. The transformation from a log 
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likelihood ratio (LLR) format to a binary value format is 
carried out as follows: 

0276. The binary value is the sign bit of the reliability in 
the LLR format. In case of a successful decoding, the binary 
hidden values are regenerated according to the application 
(in the above Example case 1 and Example case 2 this is 
done by the process used to encode the disjoint sub-word). 
Then the fully reconstructed binary hidden values are 
XORed bit by bit with the joint information bits read from 
flash device, see steps 219 and 236 of FIG. 7. As a result, the 
effect of the regenerated “hidden parity bit on the joint 
information bits P is removed. This is due to the procedure 
characterizing a XOR operation, in which AXORBXORC 
XOR B=AXOR C. 

0277 Note that the joint information bits stored in the 
flash device also include an inherent unreliability. Therefore, 
in case all Sub words excluding one are successfully 
decoded, then the regeneration of the hidden bits for the 
failed decoded sub word using the hidden bits of the other 
Successfully decoded sub-codes and the joint information 
stored in the flash device might still contain errors originated 
from the joint information read from the flash device. 

0278 In the event the soft decoder fails, output reliabili 
ties are still produced in an LLR format for the “hidden 
parity bits’. These reliabilities are stored in the Intermediate 
RAM. Upon completion of the first decoding phase, in case 
all Sub-codes are decoded successfully, a successful decod 
ing procedure is determined. 

0279. In case at least one sub-word fails in the first 
decoding phase, then additional decoding attempts are car 
ried out by the soft decoder. For each such new decoding 
attempt the soft decoder employs updated joint information 
and reliabilities obtained from other failed sub-words. Such 
decoding attempts are Supported by a “message-passing 
procedure carried out between Sub-words (as mentioned in 
the case of a soft decoder in FIG. 7, steps 229, 231, 236 and 
232). The messages refer to reliabilities, which are passed 
between the sub-words via the Intermediate RAM. 

0280 Providing a mechanism which carries out this 
“message passing procedure is in the essence of the present 
invention, since it is the mechanism that allows a Successful 
decoding to overcome failed decoding events for a sub-set of 
the disjoint Sub-word without requiring external knowledge 
(except the joint information). Since these reliabilities 
obtained in LLR format contribute new extrinsic informa 
tion to a single Sub-word, it might be the case that this 
sub-word will be successfully decoded in the next phase. 

0281. In a generic decoding phase p, where pa0, of 
sub-wordy (previously failed to decode)—the soft decoder 
employs the sub-word reliabilities (commonly in LLR for 
mat) of the hidden parity bits of all sub-words, excluding the 
contribution of the reliabilities of sub-word y itself. The 
amplitude A and sign value S, for the estimation of the 
“hidden parity bits” of sub-word y at the decoding phase 
p are derived separately for each group of “hidden parity 
bits” in the same position. In other words, the amplitude A 
and sign value S, are computed for every hidden bit of the 
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same Sub word separately and independently from other 
hidden bits of the same sub-word as follows: 

(2.8) 

Ay - { X. ta} ity, jeF 

wherein F is defined as a group containing the hidden bits 
of the failed decoded sub-words and external updated P 
bits. The updated P. bits refer to the bits stored in the flash 
device updated by the regenerated hidden bits of all so far 
Successfully decoded Sub words in the decoding process. 
The function may be computed in several manners, one of 
which is: 

P(x) = logitanh() loganh() (2.9) 

Note a useful property of the function : the function up is 
the negative inverse function of itself: 

0282) The sign S, defined herein as the sign of the 
reliability measured in the LLR format, is determined from 
applying the XOR (exclusive OR) operation on the same set 
'F' participating in the computation of amplitude A, accord 
ing to: 

Sy -ms X, S. ity, jeF 

(2.11) al 
wherein F is defined as the group referred to above in 
equation (2.8). 

0283) Once the updated reliabilities for the hidden parity 
bits of sub-word y are calculated, the same soft decoder is 
re-activated for decoding sub-word y. The decoding and 
reliability updating process is repeated until a Successful 
decoding is obtained or until a pre-defined maximal number 
of decoding attempts and or decoding phases are carried out 
by the decoding scheme. 
0284. A successful decoding process contains the steps of 
updating the bits of sub-word y in the RAM and updating 
the joint information bits in the Intermediate RAM using the 
sign bits of the regenerated “hidden parity bits” of the 
successfully decoded sub-word y. Accordingly, a failed 
decoding attempt is followed by updating the reliabilities of 
the hidden parity bits of sub-word “y” in the Intermediate 
RAM. Although the updated reliabilities are obtained as a 
result of a failed decoding attempt, taking them into con 
sideration in the decoding of other Sub-words in the same 
phase p improves the decoding efficiency of these other 
sub-words. 

0285) The soft decoder then proceeds to decode the next 
sub-word until either all sub-word are successfully decoded 
or until a pre-defined maximal number of decoding phases 
are carried out for a certain Sub-code. 
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0286 As described above, the Intermediate RAM stores 
the reliability of the “hidden bits” for each failing sub-word. 
However, it is further possible to configure a reduced size 
Intermediate RAM containing only one bit (i.e. the sign bit 
in the case of keeping the reliabilities in LLR format) for the 
estimations of of the "hidden bits’. In such a case, the hidden 
parity bits of sub-word y are derived from the currently 
estimated hidden parity bits of the other failed sub-words 
and from the external updated P bits. In other words, only 
the current estimates of the hidden parity bits of the failing 
sub-words (i.e., only S, for jeF) are stored rather than the 
current estimates of the reliabilities of the hidden parity bits 
of the failing sub-words (i.e., both A, and S, for jeF). 
0287. The innovation of the present invention can be 
looked at from various points of view. From a first point of 
view, the present invention discloses a method and device 
achieving a successful decoding of a long code word by 
decoding a shorter code word a plurality of times. With 
respect to Example case-1 described above, the long code 
word is the 15.7.5 block code and the shorter code word is 
the 11.7.3) block code. The shorter 11.7.3) block code is 
decoded 2 times. 

0288 This enables a device of the present invention to 
avoid the high implementation complexity associated with 
decoders known in the art, while achieving the same output 
BER/SER performance. 
0289. According to this first point of view, it may be 
argued that every decoding method known in the art pro 
vided for decoding a stream of data by Successively decod 
ing a fixed-size Sub-word is implemented in a similar 
manner as the present invention. 
0290 For example, it is required to decode a stream of 
data, wherein each code word is of 1,000 bits and each such 
code word is decoded on its own, independently of the code 
words preceding it or following it. According to decoding 
methods known in the art, the stream of data are decoded as 
N (for example N=4) groups of code words. The entire 
stream of N groups is defined, for N=4, as a single long code 
word of 4,000 bits. A short decoding is applied separately on 
each of the four short code words of 1,000 each, such that 
the decoded data of all short decoding are concatenated to 
generate the decoded data of the long code word. 
0291. However, the method of the present invention 
provides an error correction coding scheme which differs 
from the existing decoding methods mentioned above, 
because the method of the present invention further provides 
a stage of modifying the decoded data of a short code word 
according to the decoded data of other short code words in 
case the decoding of the short code word fails. With relation 
to Example case-1 described above, the hidden bits of the 
decoded data of the failed short code word are replaced 
according to the reconstructed hidden bits of the decoded 
data of the other successfully decoded short code word and 
the joint parity (JP) bits stored in the FLASH device. 
0292. This stage, which is completely lacking in the 
above prior art methods, grants the present invention many 
of its advantages. One Such advantage is overcoming a 
decoding failure in one or more short words, hence requiring 
fewer parity bits to protect those shorter code words. 
0293 An additional decoding method known in the art is 
based on a connection between the different short code 
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words. According to this method, commonly referred to as 
a concatenated coding scheme, a few short code words 
encoded by a first code are grouped together and encoded 
again by a second code to generate a long code word. Such 
prior art methods affect modifications of the still-encoded 
short code words according to the decoding of the longer 
code word, and only then decode the short code words. 
0294 For example, a stream of data of four code words 
(including 4,000 bits), wherein each basic code word is of 
1,000 bits, is encoded by a first code as one long code word 
of 4,500 bits. The decoding of the long code word requires 
first decoding the long word according to the second code, 
and then decoding each short code word separately accord 
ing to the first code. 
0295). However, with relation to Example case-1 the 
method of the present invention differs from such prior art 
methods, since the method of the present invention first 
decodes the short code words and then effects modifications 
of the decoded data according to the decoded data of other 
short code words. 

0296 Other decoding methods, referred to as Turbo 
decoding, employ a “Turbo code', which typically utilizes a 
soft decoding method. A “Turbo code” is defined as a 
forward-error correction technique made up of a concat 
enated code structure plus an iterative feedback algorithm. 
By applying Turbo decoding the same data bits are encoded 
twice or more (with the data bits interleaved to have a 
different order in the multiple encoding operations), such 
that the code word contains both the data bits and the 
multiple sets of parity bits generated by all encodings. On 
decoding, multiple decoding processes are applied (in par 
allel or not). Each decoding process, applied according to 
one of the multiple sets of parity bits, accepts extrinsic 
information from the previous decoding phase on the same 
information data but with different parity bits. 
0297. The advantage of the forward-error correction 
technique lies in the interaction (“message passing) 
between the multiple decoding processes applied for decod 
ing the same data bits. This interaction enhances the error 
correction performance of the decoder. A decoder applying 
Turbo decoding may further be configured to decode the 
data according to only one set of parity bits, such that only 
in the case of a failed decoding the multiple sets of parity bits 
are decoded as described above. 

0298. The method of the present invention differs from 
Turbo decoding methods known in the art in a few aspects. 
Firstly, there is a clear separation between the decoding of 
a sub-word itself and the procedure of effecting modifica 
tions of decoded words. The method of the present invention 
separately decodes each of the short words and only then 
applies the process in which one part of the decoded data 
affects another part. However, according to the Turbo decod 
ing method, there is no such clear separation between 
decoding a sub-word and effecting modifications of other 
Sub-words—both procedures occur simultaneously. 
0299 Secondly, according to the method of the present 
invention, each short word is decoded independently of the 
other short words. Thus, the decoded code words generate an 
independent set of decoded data. However, according to the 
Turbo decoding method, either all of the short words (in the 
typical parallel implementation) or at least one short word 
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(in the two-stage implementation) are decoded in tandem 
with another short code word to generate a joint set of 
decoded bits. Furthermore, a decoded short code word is not 
necessarily identified as an “own decoded data” (i.e. is 
dependent on other code words). 
0300 Thirdly, according to the present invention, the 
multiple short code words are disjoint subsets of the long 
code word. However, such implementation is not provided 
in Turbo decoding methods, wherein multiple short code 
words all encode the same data bits. 

0301 From a second point of view, the innovation of the 
present invention is improving error correction performance 
by encoding data bits using two encoding schemes, not 
keeping all of the resulting parity bits, and relying on the 
relation between the two sets of parity bits to make one set 
“cover up' for cases of inadequacy of the other set. When 
viewing the invention from this point of view, the following 
aspects should be taken into account. 

0302 a. The distinguishing feature of this point of 
view is the intermediate stage of calculating more 
parity bits than are eventually used. This draws one's 
attention to the prior art method of “puncturing. In 
error correction theory terminology “puncturing 
means dropping some calculated parity bits in order to 
reduce the parity overhead, trading the reduced over 
head against lower error correction capability. How 
ever, "puncturing as understood in the prior art is very 
different from the present invention the present 
invention employs two error correction encoding 
Schemes as a basis for its operation, while nothing of 
the sort exists in the prior art puncturing methods which 
use only a single encoding scheme. 

0303 b. U.S. patent application No. 10/998,003 to 
Dror et al. filed at Nov. 29, 2004, published as US 
Patent Application Publication No. 2005/0160350 and 
entitled “COMPACT HIGH-SPEED SINGLE-BIT 
ERROR-CORRECTION CIRCUIT, discloses an 
error correction method that also drops some of the 
parity information computed during the encoding 
phase. The method of Dror et al. is closer to the present 
invention than the puncturing method discussed above, 
because the method of Dror et al. includes two separate 
computation phases where parity information is 
dropped from the results of only one of the phases, 
seemingly like in the present invention. However, Dror 
et al. is different from the present invention because of 
the same fact stated above the present invention 
employs two error correction encoding schemes, while 
this is not the case in Dror et al. Even though Dror et 
al. does two computation phases, each phase is not an 
error correction scheme as it cannot correct even a 
single error on its own. Only the two computations 
together provide enough parity information for correct 
ing errors, and therefore only the two computations 
together constitute an error correction scheme. 

0304. It is to be understood that although the present 
invention relates to systematic codes, the method of the 
present invention is equally applicable to both systematic 
and non-systematic error correction codes. According to 
error correction terminology, a systematic code is defined as 
a code in which each of the input data bits transferred to the 
encoder have a one-to-one correspondence to a matching bit 
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in the encoded code word, before puncturing if applicable, 
such that encoded code word bits can be divided to two 
disjoint portions—one including the original data bits and 
the other including parity bits. Accordingly, a non-system 
atic code is defimed as any code that does not satisfy the 
above condition (i.e. Such clear division is not possible in a 
non-systematic code). 

0305 The method of the present invention is equally 
applicable to both hard-decoding and Soft-decoding decod 
ers. According to error correction terminology, a soft-de 
coding decoder applies a decoding process that is capable of 
accepting reliability measures for the input bits, taking them 
into consideration during the decoding process, and updat 
ing the reliability measures during the process. A hard 
decoding decoder is a decoder that does not satisfy the above 
condition. 

0306 Although the present invention, as described 
above, is based on a simple BCH code, other coding and 
decoding techniques known in the art achieving a similar 
efficiency and performance gain may be employed. 

0307 Furthermore, the code structure employed by a 
device of the present invention may be employed in any Such 
device known in the art, including digital storage media, 
random access memory, flash memory, and EEPROM. The 
terms 'storage and “memory are used herein interchange 
ably and refer to any Such storage devices. 

0308. It should be noted that while the present invention 
is provided herein to flash memory, the principles of the 
present invention may be adapted for use in, and provide 
benefit for other types of applications, such as communica 
tions systems (wireless, wire line, wired telephone systems, 
satellite, cellular, including DSL, DVBS, 3G, 4G, 
CDMA2000, the derivations of 802.11 and 802.16, etc) and 
signal processing (Video and Voice applications). 

0309. In case the first phase of the decoding process is 
insufficient, a buffer may be further implemented in com 
munication systems known in the art, in order to keep the 
data for an occasional activation of further decoding 
attempts. However, it may be the case that no additional 
buffer is required, since such a buffer may already be 
employed in other parts of the communication system while 
the decoding units are idle. 

0310. It can be understood that other implementations are 
possible within the Scope of the invention, thus relating to 
any method and device providing an error correction coding 
scheme. 

0311 Having described the invention with regard to a 
certain specific embodiment thereof, it is to be understood 
that the description is not meant as a limitation, since further 
modifications will now Suggest themselves to those skilled 
in the art, and it is intended to cover Such modifications as 
fall within the scope of the appended claims. 
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What is claimed is: 
1. A method of decoding a representation of a code word, 

the method comprising the steps of: 
(a) generating a plurality of Sub-words from the repre 

sentation of the code word, such that bits of each said 
sub-word are a proper subset of bits of the representa 
tion of the code word; 

(b) decoding each said Sub-word solely according to its 
own bits to generate a corresponding decoded Sub 
word; and 

(c) if said decoding of one of said sub-words fails: 
modifying said decoded sub-word that corresponds to 
said one sub-word whose decoding failed, thereby 
producing a modified decoded Sub-word, said modify 
ing being at least in part according to said correspond 
ing decoded Sub-word of at least one Successfully 
decoded sub-word. 

2. The method of claim 1 further comprising the step of: 
(d) if said decoding of one of said sub-words fails: 
combining data from said modified decoded sub-word 

with data from said corresponding decoded Sub-words 
of all of said successfully-decoded sub-words. 

3. The method of claim 2, wherein said combining of data 
from said modified decoded sub-word with data from said 
corresponding decoded Sub-words of all of said Success 
fully-decoded sub-words is effected by steps including 
assembling said data from said modified decoded sub-word 
with said data from said corresponding decoded sub-words 
of all of said successfully-decoded sub-words. 

4. The method of claim 1, wherein said sub-words are 
disjoint. 
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5. The method of claim 1, wherein said sub-words contain 
identical numbers of bits. 

6. An apparatus for decoding a word of Mbits, compris 
ing: 

(a) a decoder for decoding a word of NCM bits; and 
(b) a mechanism for applying said decoder separately to 

each of a different subset of N bits selected from the 
word of M bits, each application of said decoder 
depending solely on said N bits to which each said 
application is applied, each said application generating 
corresponding decoded data, Such that final decoded 
data of the word of Mbits are generated at least in part 
according to said corresponding decoded data of said 
applications, wherein: if one of said applications fails, 
then said mechanism effects a modification of said 
corresponding decoded data of said failed application, 
at least in part, according to said corresponding 
decoded data of at least one successful application. 

7. The apparatus of claim 6, wherein said subsets are 
disjoint. 

8. An apparatus for decoding a word of Mbits, compris 
1ng: 

(a) a plurality of decoders each decoding a word of NCM 
bits; and 

(b) a mechanism for applying each of said plurality of 
decoders separately to each of a different subset of N 
bits selected from the word of Mbits, each application 
of each of said plurality of decoders depending Solely 
on said N bits to which each said application is applied, 
each said application generating corresponding 
decoded data, such that final decoded data of the word 
of Mbits are generated at least in part according to said 
corresponding decoded data of said applications, 
wherein: if one of said decoders fails, then said mecha 
nism effects a modification of said corresponding 
decoded data of said decoder that failed, at least in part, 
according to said corresponding decoded data of at 
least one said decoder that succeeded. 

9. The apparatus of claim 8, wherein said subsets are 
disjoint. 

10. A method of providing a scheme for error correction 
of data bits, the method comprising the steps of: 

(a) encoding the data bits according to a first encoding 
Scheme to generate a first group of parity bits; 

(b) encoding the data bits according to a second encoding 
Scheme to generate a second group of parity bits; 

(c) transforming said second group of parity bits into a 
condensed group of parity bits, wherein said transform 
ing is many-to-one; and 

(d) generating a final group of parity bits for the data bits 
by combining said first group of parity bits with said 
condensed group of parity bits. 

11. The method of claim 10, wherein said combining of 
said first group of parity bits with said condensed group of 
parity bits is effected by steps including assembling at least 
a portion of said first group of parity bits with said con 
densed group of parity bits. 

12. The method of claim 10, wherein said transforming 
step includes XORing a plurality of Subgroups of said 
second group of parity bits. 
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13. A method of providing a scheme for error correction 
of data bits, the method comprising the steps of: 

(a) creating a plurality of Sub-groups of bits from the data 
bits, such that each data bit appears at least once in said 
plurality of Sub-groups; 

(b) encoding each Sub-group of said plurality of Sub 
groups according to a corresponding first encoding 
Scheme to generate, for each said subgroup, a corre 
sponding at least one first parity bit; 

(c) encoding said each Sub-group according to a corre 
sponding second encoding scheme to generate, for each 
said Sub-group, a corresponding at least one second 
parity bit; 

(d) transforming all of said at least one second parity bit 
of all of said plurality of Sub-groups into joint con 
densed parity bits, wherein said transforming is many 
to-one; and 

(e) generating a final group of parity bits for the data bits 
by combining all of said at least one first parity bit of 
all of said plurality of Sub-groups with said joint 
condensed parity bits. 

14. The method of claim 13, wherein said combining of 
all of said at least one first parity bit of all of said plurality 
of Sub-groups with said joint condensed parity bits is 
effected by steps including assembling all of said at least one 
first parity bit of all of said plurality of sub-groups with said 
joint condensed parity bits. 

15. The method of claim 13, wherein each data bit appears 
only once in said plurality of Subgroups. 

16. The method of claim 13, wherein at least one data bit 
appears at least twice in said plurality of Subgroups. 

17. The method of claim 13, wherein all said sub-groups 
are of equal size. 

18. The method of claim 13, wherein for at least one 
Sub-group of said plurality of Sub-groups said corresponding 
first encoding scheme and said corresponding second encod 
ing scheme are obtained using a common encoding method, 
Such that said corresponding first encoding scheme encodes 
bits of said at least one sub-group according to a first order 
and said corresponding second encoding scheme encodes 
said bits according to a second order. 

19. The method of claim 13, wherein all said sub-groups 
are encoded according to a common said first encoding 
scheme. 

20. The method of claim 13, wherein all said sub-groups 
are encoded according to a common said second encoding 
scheme. 

21. The method of claim 13, wherein said transforming 
step includes XORing said at least one second parity bit 
corresponding to one of said Sub-groups with said at least 
one second parity bit corresponding to another of said 
Sub-groups. 

22. A method of providing a scheme for error correction 
of data bits, the method comprising the steps of: 

(a) creating a plurality of Sub-groups of bits from the data 
bits, such that each data bit appears at least once in said 
plurality of Sub-groups; 

(b) encoding each Sub-group of said plurality of Sub 
groups using a corresponding encoding scheme to 
generate, for each said sub-group, a corresponding at 
least one parity bit; 
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(c) for each said Sub-group, selecting a corresponding 
Selected Subset from among said bits of said each 
Sub-group and said corresponding at least one parity bit 
of each said Sub-group; 

(d) transforming said selected Subsets of all of said 
plurality of Sub-groups into joint condensed selected 
bits, wherein said transforming is many-to-one; 

(e) generating a corresponding shortened code word for 
each said sub-group by combining said bits of each said 
Sub-group with said corresponding at least one parity 
bit of each said Sub-group, and then removing bits of 
said corresponding selected Subset of each said Sub 
group; and 

(f) generating a code word for the data bits by combining 
said corresponding shortened code word of all of said 
plurality of Sub-groups with said joint condensed 
selected bits. 

23. The method of claim 22, wherein said combining of 
said bits of each said Sub-group with said corresponding at 
least one parity bit of each said sub-group is effected by 
steps including assembling said bits of each said Sub-group 
with said corresponding at least one parity bit of each said 
Sub-group. 

24. The method of claim 22, wherein said combining of 
said corresponding shortened code word of all of said 
plurality of Sub-groups with said joint condensed selected 
bits is effected by assembling all of said corresponding 
shortened code words of said plurality of sub-groups with 
said joint condensed selected bits. 

25. The method of claim 22, wherein each data bit appears 
only once in said plurality of Subgroups. 

26. The method of claim 22, wherein at least one data bit 
appears at least twice in said plurality of Subgroups. 

27. The method of claim 22, wherein all said sub-groups 
are of equal size. 

28. The method of claim 22, wherein all said plurality of 
Sub-groups are encoded according to a common said encod 
ing scheme. 

29. The method of claim 22, wherein said transforming 
step includes XORing the bits of said selected subset cor 
responding to one of said Sub-groups with the bits of said 
selected Subset corresponding to another of said Sub-groups. 

30. A method of providing a scheme for error correction 
of data bits, said method comprising the steps of: 

(a) creating a plurality of Sub-groups of bits from the data 
bits, such that each data bit appears at least once in said 
Sub-groups; 

(b) encoding each of said plurality of Sub-groups using a 
corresponding encoding scheme to generate, for each 
said Sub-group, a corresponding code word; 

(c) for each said Sub-group, selecting a corresponding 
Selected Subset from bits of said corresponding code 
word; 

(d) transforming said corresponding selected Subsets of all 
of said corresponding code words into joint condensed 
Selected bits, wherein said transforming is many-to 
One: 

(e) generating a corresponding shortened code word for 
each of said corresponding code words by removing 
bits of said selected Subset corresponding to each said 
corresponding code word; and 
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(f) generating a code word for the data bits by combining 
said corresponding shortened code word of all of said 
plurality of Sub-groups with said joint condensed 
selected bits. 

31. The method of claim 30, wherein said combining of 
said corresponding shortened code words of all of said 
plurality of Sub-groups with said joint condensed selected 
bits is effected by assembling all of said corresponding 
shortened code words of said plurality of sub-groups with 
said joint condensed selected bits. 

32. The method of claim 30, wherein each data bit appears 
only once in said plurality of Subgroups. 

33. The method of claim 30, wherein at least one data bit 
appears at least twice in said plurality of Subgroups. 

34. The method of claim 30, wherein all said sub-groups 
are of equal size. 

35. The method of claim 30, wherein all of said plurality 
of Sub-groups are encoded according to a common said 
encoding scheme. 

36. The method of claim 30, wherein said transforming 
step includes XORing the bits of said selected subset cor 
responding to one of said Sub-groups with the bits of said 
selected Subset corresponding to another of said Sub-groups. 

37. A method of decoding a representation of a code word, 
the representation containing M data bits and P parity bits, 
the method comprising the steps of: 

(a) partitioning the P parity bits into a first group of parity 
bits and a second group of parity bits: 

(b) decoding the M data bits using only said first group of 
parity bits to provide corrected data bits; and 

(c) if said decoding using only said first group of parity 
bits fails, then decoding the M data bits using said first 
group of parity bits and said second group of parity bits 
to provide said corrected data bits. 

38. A method of decoding a representation of a code word 
containing M data bits and P parity bits, the method com 
prising the steps of 

(a) partitioning the M data bits into Kd 1 subsets, wherein 
each of the M data bits appears at least once in said K 
Subsets; 

(b) partitioning the P parity bits into a first group of parity 
bits and a second group of parity bits: 

(c) partitioning said first group of parity bits into K 
Subsets each said Subset of said first group of parity bits 
corresponding to a respective subset of the M data bits: 

(d) decoding each said Subset of the M data bits according 
to said corresponding Subset of said first group of parity 
bits to generate decoded data of said each subset of the 
M data bits: 

(e) if said decoding of one of said K subsets of the M data 
bits fails: decoding said one Subset according to, at least 
in part, said second group of parity bits to generate said 
decoded data of said one Subset; and 

(f) combining said decoded data of all of said K subsets 
of the M data bits to generate total decoded data for the 
M data bits. 

39. The method of claim 38, wherein said combining of 
said decoded data of all said K subsets of the M data bits is 
effected by assembling said decoded data of all said K 
subsets of the M data bits. 
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40. The method of claim 38, wherein said K Subsets of the 
M data bits are disjoint. 

41. The method of claim 38, wherein said K Subsets of the 
M data bits are all of equal size. 

42. The method of claim 38, wherein said decoding of the 
data bits of said each Subset according to said corresponding 
Subset of said first group of parity bits includes using a 
corresponding first decoding scheme, and wherein said 
decoding of the data bits of said one Subset, whose decoding 
failed, according to said second group of parity bits includes 
using a corresponding second decoding scheme. 

43. The method of claim 42, wherein for at least one of 
said K subsets of the M data bits said corresponding first 
decoding scheme and said corresponding second decoding 
scheme apply a common decoding method. 

44. The method of claim 42, wherein all said first decod 
ing schemes are identical. 

45. The method of claim 42, wherein all said second 
decoding schemes are identical. 

46. A method of decoding M data bits out of a represen 
tation of a code word, that has N>M bits, the method 
comprising the steps of: 

(a) removing a selected subset of at most N-Mbits from 
the N bits, thereby producing a set of remaining bits: 

(b) partitioning said remaining bits into K>1 Subsets of 
said remaining bits, wherein each of said remaining bits 
is a member of at least one of said K Subsets; 

(c) decoding each of said K Subsets according only to bits 
of said each Subset to generate decoded data of said 
each Subset; 

(d) if said decoding of one of said K subsets fails: 
decoding said one Subset, at least in part, according to 
said removed selected Subset to generate said decoded 
data of said one Subset; and 

(e) combining said decoded data of all of said K subsets 
to generate total decoded data for the M data bits. 

47. The method of claim 46, wherein said combing of said 
decoded data of all said K subsets is effected by assembling 
all of said decoded data of all said K Subsets. 

48. The method of claim 46, wherein said K subsets are 
disjoint. 

49. The method of claim 46, wherein said K subsets are 
all of equal size. 

50. The method of claim 46, wherein said decoding of the 
data bits of said each Subset according to said bits of said 
each Subset includes using a corresponding first decoding 
scheme, and wherein said decoding of the data bits of said 
one Subset whose decoding failed according to said removed 
selected Subset includes using a corresponding second 
decoding scheme. 

51. The method of claim 50, wherein for at least one of 
said K Subsets said corresponding first decoding scheme and 
said corresponding second decoding scheme apply a com 
mon decoding method. 

52. The method of claim 50, wherein all said first decod 
ing schemes are identical. 

53. The method of claim 50, wherein all said second 
decoding schemes are identical. 
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